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This thesis concerns the exploration of esterification and transesterification in ionic liquids (ILs) and 
the use of the knowledge produced by that exploration to inform the efficient synthesis of highly 
functional polyesters from renewable resources.  
The first part, Chapter 6, concerns the effect of solvents on acid catalysed esterification. It describes 
how solvents, including ILs, affect the rate of such reactions and rationalises this influence using 
Kamlet Taft solvent polarity descriptors. This chapter also touches on more fundamental questions 
about acidity in ILs and covers Brønsted and Lewis acids. 
The second part, Chapter 7, explores transesterification in a similar fashion. In this instance, acid, 
organic base and lipase enzyme are all explored as potential catalysts in ionic and molecular 
solvents. Again, Kamlet Taft solvent polarity descriptors are used to help rationalise solvent effects. 
Finally, Chapter 8, describes the use of ILs as solvents for polyesterification and 
polytransesterification. The relative solubilities of some renewable monomers are determined in a 
range of ILs and a number of different polycondensations are studied in ILs and molecular solvents 
considered most appropriate in each case. This Chapter seeks to reach a conclusion about the 
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4.5. Abbreviations  





°C degrees Celsius 
AAC2 acid catalysed acyl oxygen cleavage, bimolecular esterification 
mechanism 
Ac acetyl 





ESI electrospray ionisation 
Et ethyl  
g grams 
GPC gel permeation chromatography 
HN(Tf)2 bistriflimidic acid 
hr hours 
IL ionic liquid 
IRE integrated rate equation 
IUPAC International Union of Pure and Applied Chemistry 
LSER linear solvation energy relationship 
M moles per litre 






Mn Number average molecular weight 
mol moles 
MS mass spectrometry 
Mw Weight average molecular weight 
NHC N-heterocyclic carbene 
NMR nuclear magnetic resonance spectroscopy 
PBT polybutylene terephthalate 
PDI polydispersity 
PEG polyethylene glycol 
PET polyethylene terephthalate 
PLA polylactic acid 
p-TSA para-toluene sulphonic acid 
REACH Registration, Evaluation, Authorisation and Restriction of Chemical 
Substances (EU Legislation) 
RLS rate limiting step 




UV-vis ultraviolet and visible 
VOC volatile organic compound 
α Kamlet-Taft parameter for hydrogen bond donation capacity 
β Kamlet-Taft parameter for hydrogen bond accepting capacity 





This study sought to explore potential for using ionic liquids in the synthesis of renewable, 
functional, biodegradable polyesters. This section will explain the rationale behind that aim and the 
approach taken. 
5.1. Alternative solvents 
5.1.1. Motivation for alternative solvents 
With the introduction of the European Union’s REACH legislation, which requires companies to 
register safety data for all chemicals over a certain ton usage, the chemical industry is under ever 
tighter regulation.1 Coupled with increasing concern over the effects of global climate change and 
the role chemistry has in its cause or cure; demand has never been higher for cleaner, safer and 
more efficient reactions. 
Often, one of the largest contributors to a process’s environmental footprint is the solvent used. 
Solvents are significant simply because of the quantity they are used in. For instance, in the fine 
chemicals and pharmaceuticals industry, solvent use accounts for between 80 and 90% of the mass 
utilization for a typical batch operation.2 This mass does not end up in the final product, so must 
either be recycled or disposed of responsibly. Most conventional solvents can be classed as volatile 
organic compounds (VOCs). The release of VOCs is a major contributor to atmospheric pollution and 
the breakdown products of VOCs are often greenhouse gases themselves. Release of solvents, many 
of them harmful or toxic, into aqueous effluent is another major issue. Furthermore many common 
solvents are flammable, leading to safety concerns for plant operators. 
Given the huge volume of solvent used and the environmental cost of producing it, simply reducing 
the amount of solvent used through process optimisation can have a significant effect. For example, 
cutting THF use from 1 to 0.75 kg saves about 4.0 kgCO2 equivalents of green house gases before 
disposal costs are even factored in.2 
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The idea of reducing the wasted mass used in a process is encapsulated nicely in Trost’s theory of 
Atom Ecomony.3 This compares the number of atoms in the reactants with the number in the final 
product and provides a useful measure of the wastefulness of a given process. A related measure, 
known as the E-factor or environmental quotient, was proposed by Sheldon some 15 years ago and 
compares the mass of useful product with the mass of waste generated.4 This measure is able to 
take into account solvent use. 
 The conventional use of solvents often performs very badly in terms of E-factor because solvents 
automatically become waste at the end of a reaction. As such, the development of “solvent free” 
processes has been given a lot of attention.5 Where this is not possible solvent minimisation and 
recycling, which is essentially common sense, will also reduce the footprint of a given process. 
Beyond this, replacing environmentally damaging solvents with more benign alternatives constitutes 
a “Third Way”. As such, the search for alternative reaction media is one of the hottest research 
topics today.6 However, discovery of new, somehow environmentally friendly fluids is only the start. 
If a new solvent is to be adopted beyond the research lab, its successful application should be 
demonstrated alongside its environmental credentials. 
5.1.2. Options for alternative solvents 
Whilst this is not a focus of this report, there are a number of avenues available to someone looking 
for an alternative solvent.6 Perhaps most well known, super critical carbon dioxide (scCO2) has 
received much attention. A distinct fluid phase of CO2, at certain temperature and high pressure 
ranges, scCO2 has a number of benefits. Firstly, separation of product from solvent – often the single 
largest consumer of energy in a process - is a simple matter of releasing pressure and allowing 
gaseous CO2 to evaporate. scCO2 is also not toxic, cheap and can be sustainably sourced. However, 
maintaining the high pressures required for scCO2 demands special equipment and a lot of energy – 
adding to the expense. Furthermore, scCO2 is not a good solvent for a huge range of substrates, 
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limiting its application. Whilst this can be improved by addition of a co-solvent such as MeCN, this 
will often have a detrimental impact on the environmental credentials of the process. 
In terms of flammability, toxicity and abundance, it is hard to imagine a better solvent than water – 
where possible, it is an excellent choice. However, the high heat capacity and relative involatility 
make water an expensive solvent to heat and remove. Well established in biocatalysis, the 
application of water in organic processes is somewhat limited by solubility. Whilst advances have 
been made in the field of water-soluble catalysts, ultimately, reagent solubility will always limit 
water’s application. This can sometimes be overcome with the use of co-solvents, surfactants or 
biphasic systems, they all add to the environmental and financial cost. Clearly, the many chemicals 
which react with water will never be made in an aqueous system. 
Perfluorinated fluids are more easily reused than traditional solvents and readily form biphases for 
ease of separation. However they are expensive, bioaccumulative, greenhouse gases and limited to 
very non-polar reactions.   
The most obvious replacements for traditional, VOC solvents, bioderived alternatives are perhaps 
the least glamorous and, to date, least studied alternative. Typically small molecules with analogous 
chemistry to traditional solvents, bioderived solvents are by their nature renewable and often 
biodegradable. Common examples include bioethanol and 2-methyl THF. They regularly exhibit 
lower toxicities than their fossil-based equivalents, and dissolve similar things, but at generally 
higher cost.  
5.1.3. Ionic Liquids 
In the search for alternative solvents, ionic liquids (ILs) are among the most studied due to their 
varied and unusual properties.7 First, they exhibit negligible vapour pressure under standard 
conditions, negating concern over atmospheric emissions. They also dissolve a wide range of organic 
and inorganic materials, have high thermal stability, are liquid over a wide range of temperatures, 
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and are generally non-flammable. Thus, despite concerns over their unknown toxicity,8 and relatively 
high cost, they are widely proposed as promising “green solvents”.  
ILs tend to consist of bulky organic cations with low symmetry and soft, non-coordinating, anions 
with delocalised charge. Whilst a huge variety of ILs has been described, a selection of common 

































Scheme 5.1: Common cations and anions in ILs 
5.1.4. Application of ionic liquids 
Ionic Liquids are a blossoming field of academic research. A simple topic search for the term 
“ionic liquid” on ISI Web of Knowledge will find around 20,000 publications in the physical 
sciences alone. Demonstrated applications in synthesis – organic, inorganic and electrochemical 
-  are many and reviewed elsewhere.7,9,10 ILs have also been demonstrated in separation 
technologies,11-13 dye sensitised solar cells,14 and are of increasing interest in various branches of 
nanotechnologies.15 
As one might expect from a maturing technology, a review of industrial applications of ILs shows 
they are comparatively less numerous,16 although the increasing number of IL patents being 
filed suggests growth in their number will accelerate in the future.17   
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For effect it is, perhaps, worth noting some current industrial uses of ILs. Introduced by BASF in 
2002, the BASIL uses 1-methyl imidazole to scavenge acid formed during a reaction. The 
resulting [HC1im]Cl, an IL, separates from the reaction mixture as a separate phase, removing 
the acid. This separable liquid acid trap is significantly more efficient than the previous system 
which used triethylamine.18 ILs are also used by BASF to break common azeotropes such as THF 
or ethanol and water.19 Whilst not used as solvents in these cases, this demonstrates that the 
uncommon physical properties of ILs make them useful in novel applications. 
ILs are also used as solvents. The Japanese company, Central Glass, have commercialised a 
Pd/Cu cross-coupling of terminal alkynes with bromobenzene derivatives using 
tetraalkylphosphonium based ILs as the solvent.16 Eli Lilly have developed a pilot scale 
demethylation of 4-methoxyphenylbutanoic acid in pyridinium hydrochloride20 and  PetroChina 
has announced their use of a Lewis acidic chloroaluminate IL in their alkylation of isobutene.21 
Degussa intend to use ILs to replace VOCs in a new range of paints.22 In the electrochemical 
field, Degussa and Pionic both have plans to us ILs in lithium batteries in place of flammable 
solvents mixtures such as ethylene carbonate and dialkyl carbonates.23,24 Scionix use cheap 
choline-chromium(III) based ILs in their electroplating process, avoiding the use of toxic 
chromium(VI) compounds.25,26 
Clearly ILs are not simply the preserve of the academic and, as such, they should be judged in 




5.1.5. Effect of changing solvent 
If asking, ‘Does the choice of solvent affect a reaction?’ it is as sensible to ask, ‘Does water have any 
bearing on the life of fish?’ As Menschutkin said in 1890, “a reaction cannot be separated from the 
medium in which it is performed”.27 It is widely appreciated that a solvent must dissolve all reagents 
required for a reaction but the influence of a solvent extends far beyond simple solubility. That 
solvent choice can affect the rate of reaction was first observed in 1862 by Pean de Saint-Gilles and 
Berthelot28 and backed up by Menschutkin’s own study of the quaternization of triethylamine with 
iodoethane in 23 different media.27 The effects that a solvent will have on the reaction of interest 
must be understood if an effective alternative solvent is to be developed. 
5.2. Solvent Polarity 
5.2.1. Defining solvent polarity 
The various solvent-solute interactions possible and the effect that these have on reactions are well 
documented.29,30 Importantly, if the effect of a given solvent on a reaction is to be properly 
rationalised, it is first necessary to quantify its characteristics. Many properties of solvents, such as 
boiling point, specific heat capacity, viscosity or dipole moment, have been quantified since their 
conception. Others, such as polarity, have not always been given such definitive values. 
The IUPAC definition states that polarity is the sum of all possible, non-specific and specific, 
intermolecular interactions between the solute ions or molecules and solvent molecules, excluding 
such interactions leading to definite chemical alterations of the ions or molecules of the solute.31 
5.2.2. Kamlet Taft Parameters 
The different approaches to measuring such interactions are many and well documented 
elsewhere.29 One of the most successful methods for defining solvent polarity, and the one used in 
this report, is that developed by Kamlet and Taft.32-34 The Kamlet Taft system uses a series of 
parameters, α, β and π*, to quantify the hydrogen bond donating capacity (acidity) and accepting 
capacity (basicity) of a solvent, as well as its dipolarity. This is achieved by comparing the λmax of a 
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number of solvatochromic dyes. Each dye responds differently to different interactions with a given 
solvent, allowing those interactions to be separated from each other and thus quantified. In this 
system, α is a measure of hydrogen bond acidity, β a measure of hydrogen bond basicity, and π* a 
measure of dipolarity or polarisability.  
Table 5.1: Kamlet Taft Parameter of common solvents 
Solvent α β π* 
Water 1.20 0.50 1.10 
DMSO 0.00 0.76 1.00 
Hexane 0.00 0.00 0.00 
Methanol 0.98 0.66 0.60 
DCM 0.13 0.10 0.73 
There is a wide choice of solvatochromic dye combinations available to choose from; each 
combination will provide subtly different measures of polarity. As a rule, the more dyes used to 
measure the parameter, the more accurate their value should be. Previous work in the Welton 
Group has established that by using three dyes, 4-nitroaniline, N,N-diethyl-4-nitroaniline, and 
Reichardt’s dye, it is possible to efficiently measure all three parameters with good accuracy.35 These 








Scheme 5.2: Dyes used to calculate Kamlet Taft parameters 
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N,N-diethyl-4-nitroaniline is relatively insensitive to acidity and basicity; the shift in its λmax is chiefly 
down to the effect of a solvent’s dipolarity. As such, it is used to measure the π* of a solvent using 
Equation 5.1 and Equation 5.2. As a phenoxide, Reichart’s dye is very sensitive to hydrogen bonding 
in the solvent, so the effect of a solvent’s acidity can be distinguished from the effect of its dipolarity 
by comparing the λmax of Reichardt’s dye and N,N-diethyl-4-nitroaniline. Thus a solvent’s α value is 
calculated using Equation 5.3 and Equation 5.4. ET(30) is a more primitive measure of polarity, just 
based on Reichardt’s dye. 4-Nitroaniline is protic and consequently sensitive to basicity. Therefore 
the β of a solvent is calculated from the λmax of 4-nitroaniline and N,N-diethyl-4-nitroaniline using 
Equation 5.1 and Equation 5.5. 
Equation 5.1: Calculation of ν from λmax 
      
   
    
 
Equation 5.2: Calculation of π* 
                                            
Equation 5.3: Calculation of ET(30) 
        
     
                   
 
Equation 5.4: Calculation of α 
                           
  
Equation 5.5: Calculation of β  
  
                                                      
    
 
In the case of ionic liquids, it has been shown that the choice of anion is the major contributor to its 
β value and the cation controls the α value.35 The π* of an IL is generally invariant and approximately 
equal to one, as might be expected from their charged nature. ILs are often referred to as designer 
solvents. This is because the anion and cation can be changed independently of each other. This 
means that, unlike conventional solvents with fixed α, β and π*, values arising from a single 
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molecule, an ionic liquid’s characteristics can, to a certain extent, be chosen individually. If results 
suggest that a low π* is required, however, there is very little designing that can be undertaken to 
make ILs suitable. 
5.2.3. Linear Solvation Energy Relationships 
With the Kamlet Taft parameters of a range of solvents in hand, these can be used to rationalise the 
effect of solvent on a measured property, such as rate of reaction, using a Linear Solvation Energy 
Realtionship (LSER).  
The general form of an LSER is shown in Equation 5.6, where XYZ represents some solvent-
dependent property. The coefficients a, b, and s are solute specific and measure the sensitivity of 
XYZ to solvent acidity (α), basicity (β), and dipolarity (π*). Multivariate regression can be used to fit 
these three solvent parameters (α, β, and π*) with the experimentally determined data by varying 
the sign and magnitude of the coefficients (a, b, and s) and constant (c). The result of the regression 
will contain information about the relative importance and effect of each solvent property.  
Equation 5.6: General form of a linear solvation energy relationship 
                 
The Welton group have previously reported kinetic studies of nucleophilic substitution reactions in 
ionic liquids, rationalizing solvent effects with LSERs.36-38 Recently, LSER methods have also been 





5.3. Esterification and Transesterification 
5.3.1. Esterification catalysis 
Esterification is a ubiquitous reaction and this report does not set out to chart all developments in 
the area.  In the race to “green” chemistry, esters and by extension esterification, are of interest 
because of the prevalence of acids and alcohols in renewable platform molecules.  
Most esters are made using anhydrides or acyl-chlorides. Whilst these offer substantial benefits in 
terms of reactivity, they generate significantly more waste than using the equivalent acid.  Thus, 
from a sustainability stand point, the direct esterification between an acid and an alcohol, producing 
an ester and water, is the better reaction. Catalysed by an acidic species, there is nothing particularly 
new about Fischer esterification – but the acid catalyst used can still be improved upon.  
Indeed, some recent developments in the field of esterification catalysts are of particular interest to 
a solvent chemist. Funatomi et al. have demonstrated the use of fluorinated ammonium triflates as 
good esterification catalysts for a wide range of substrates.42 The catalyst is thought to interact with 
the substrate through hydrogen bonding alone and out performs several common Brönsted acid 
catalysts in terms of rate of reaction. Sakakura et al.  have observed similar success using 
diarylammonium arenesulfonates.43 Again, the interaction with the substrate appears to be through 
hydrogen bonding. Both groups use hydrophobic solvents to drive the equilibrium to high conversion 
so there is clearly a role for solvents to play. In an analogy with nature, it is relevant to note that 
many enzymes interact with substrates through multiple hydrogen bonds. Interestingly these results 
establish that hydrogen bonding from a single site can be strong enough to produce a catalytic effect 




5.3.2. Transesterification catalysis 
Transesterification is another ubiquitous reaction which could not be completely reviewed within 
these pages, although it has been comprehensively reviewed elsewhere.44 Traditionally, 
transesterification can be catalysed by acid, in the same manner as esterification, and additionally by 
many bases. This broader catalyst choice makes transesterification rather more versatile 
synthetically. Base catalysis does not promote the competitive dehydration eliminations and 
cyclisations sometimes associated with acid catalysis and this has been shown to be useful when 
using bioderived molecules.45 
 Much recent research on transesterification has been, perhaps predictably, aimed towards 
developing better biodiesel production.46 Within this field, much of the attention has been on 
heterogeneous catalysis47 with solid acids48 and solid bases.49 There are clear advantages, in terms of 
catalyst recovery, of using heterogeneous systems but rates often suffer when compared to 
homogeneous analogues. 
Beyond biodiesel, lipases are increasingly seen as a catalyst of choice for transesterification.50 
Properly developed and treated, such enzymes show remarkable activities, thermal stability and 
selectivity whilst remaining mild.  
Molecular catalysts are also attracting increasing interest as alternatives to corrosive acids or bases 
and toxic metal alkoxide catalysts.51 One of the most exciting recent developments in 
transesterification by molecular catalysis is the development of N-heterocyclic carbenes (NHCs) as 
highly active catalysts, examples of which can be found in Scheme 5.1.52-54  
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Scheme 5.3: Common NHCs used in transesterification 
NHCs of this kind are typically made by abstraction of the C-2 proton of an imidazolium species using 
a strong base, and can therefore be made in situ from imidazolium-based ILs. They can also be 
designed to be selective for primary hydroxyl groups.55 NHCs are potentially interesting to this 
project, not least for their demonstrated selectivity for primary hydroxyl groups. However, NHCs 
have some major drawbacks including their often complicated synthesis and severe sensitivity to 
water. This may well impair their application as industrial catalysts in all but the highest value 
products. 
5.3.3. Reaction Kinetics 
As was made clear in Section 5.2, if alternative solvents are to be adopted then the advantages they 
confer must be demonstrated by a systematic comparison with molecular solvents. In the case of 
esterification and transesterification, the primary factor which one might seek to optimise in a given 
process is reaction rate. Therefore, being able to measure the kinetics of esterification is an 
important consideration when comparing the effect of using different solvents. This will be explored 




5.4. Polyesters – biodegradable polymers? 
5.4.1. Motivation for making biodegradable polymers 
Polyesters have been known since the birth of polymer science. Recently aliphatic polyesters have 
gained new importance because some of them can be made from renewable feedstocks and, when 
done so, are often biodegradable.56 This is attractive because, not only does this reduce strain on 
fossil resources, but it offers a solution to the large amounts of plastic waste currently generated by 
modern society – worldwide production exceeds 150m tonnes per annum. 
There are two important caveats to this. Firstly, whilst all ester bonds are technically hydrolysable, 
the physical structure of many polyesters renders them very resistant to biodegradation. Even those 
that are biodegradable will normally only degrade rapidly under the right conditions. Secondly, as 
the debate over biofuels has illustrated perfectly, using food crops such as corn for chemicals is not 
without consequence and will always be controversial. Whilst plastics are produced on a significantly 
smaller scale than fuels, it is clear that in order to minimise impact on food prices, alternatives to 
corn starch as a starting material would be useful. The two main options are so called second 
generation fuel crops, which can be grown in poor land not currently use for food production, or 
using agricultural waste such as sugar cane baggasse. Both tend to be of a lower grade than food 
starch and based largely on cellulose – introducing extra synthetic difficulty. 
5.4.2. Uses of biodegradable polymers 
Ultimately biodegradable plastics should be as ubiquitous in their use as conventional plastics; 
however, their current application is limited by the narrower range of properties afforded by the 
selection of polymers currently available. Existing biodegradable plastics have found some 
commercial use, including disposable consumer products and biomedical applications such as dental 





5.4.3. Commercial examples of biodegradable polymers 
One of the most widely commercialised examples of a renewable, biodegradable polymer is 
polylactide (PLA), ultimately sourced from corn starch.  PLA is prepared by the ring opening 
polymerisation (ROP) of the cyclic dimer of lactic acid, lactide, using a metal alkoxide initiator, shown 
in Scheme 5.4. Lactic acid can be produced by the fermentation of corn starch, and the final polymer 
can be biodegraded, under the right conditions, to carbon dioxide and water, closing the loop. 
 
Scheme 5.4: Lifecycle of polylactide (PLA)
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Although excellent control over molecular weight, polydispersity and tacticity can be achieved, this 
process has its drawbacks as the polymerisation must normally be carried out under anhydrous 
conditions. A selection of other lactones, which can be ring opened in an analogous fashion, is 










Scheme 5.5: Alternative lactones for ROP 
The other near-commercial option for biodegradable plastics is polyhydroxybutyrate (PHB) and 
other related polyhydroxyalkanoates (PHAs). These are produced from carbohydrates by 
β-Propiolactone γ-Butyrolactone δ-Valerolactone ε-Caprolactone 
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fermentation, which is far from ideal in terms of efficiency.    In terms of the E-Factor, the ideal 
method of polyester synthesis is the direct condensation of a diacid and dialcohol. This is because 
the preparation of cyclic lactones from bioderived hydroxy-acids introduces extra synthetic steps, 
which generate waste. 
5.4.4. Relevant developments in biodegradable polymers 
A significant amount of the best scientific work done on biodegradable plastics is in the field of 
catalyst development for PLA synthesis59,60and related ROPs. This branch will not be discussed in 
detail here. Whilst intellectual leaps are made in the design and structure of the catalysts used, 
development of the polymer tends to proceed incrementally: increasing rates; improving robustness 
of the catalyst; gaining ever better control over molecular weight, polydispersity, physical and 
thermal behaviour or tacticity. The polymers this kind of research is carried out on tend to be, 
chemically speaking, fairly simple. This restricts the extent to which the properties of the polymer 
can be tuned and therefore may limit the extent to which they can be applied in certain fields. 
The other branch of research is development of new polymers with different chemical 
functionality.56 This research seeks to bring about qualitative changes in the final product in order to 
derive more direct replacements for existing plastics, or to solve problems with the current 
spectrum of alternatives. One common issue with PLA and its analogues is the relatively slow rate of 
biodegradation, related to its comparative hydrophobicity. 
It is well known that the biodegradation rate of polyesters, such as the relatively slow degrading 
polylactide, can be improved by incorporating hydrophilic moieties into the structure. This makes 
the polymer chain more accessible to water and thus more easily hydrolysed.61 Hydrophilic groups 
also alter the physical properties of polyesters allowing them to be tuned to have specific biological 
activities.62  Scheme 5.6 shows some common monomers used to introduce functionality into 
polyesters and a general, idealised, reaction scheme. It is also possible to build in functionality into a 






































R1 = OH or H R2 = OH or H
m = 2 or 4n = 1 or 4Typically:  
Scheme 5.6: Common carbohydrates used to introduce functionality into polyesters 
 
Building linear polyesters from highly functionalised carbohydrate derived monomers is one 
approach that has shown promise in tuning both hydrophilicity and biocompatibility. Guan et al. 
have synthesised the protein resistant side chain polyether shown in Scheme 5.7 as a replacement 
for poly(ethylene glycol) (PEG).63 The ester linkages render the polyester biodegradable, and thus 
superior to PEG, which can accumulate in the liver when used in vivo. Starting from dulcitol the 
synthesis requires six individual steps to selectively prepare the diacyl chloride monomer, followed 
by condensation polymerisation. Further functionalisation of the polymer would first require 


























Scheme 5.7: Synthesis of a PEG replacement side chain polyether 
  
  





Galbis et al. have developed linear polyesters by the copolymerisation of dimethyl terephthalate 
with 1,4-butanediol and selectively methylated pentitol, shown in Scheme 5.8, as replacements for 
the common polyesters poly (ethylene terephthalate) (PET) and poly (butylene terephthalate) 
(PBT).64 The synthesis was done in the melt at high temperatures with titanium tetra-butoxide as a 
catalyst, necessitating the use of protecting groups to prevent coupling through the secondary 
alcohol functionality.  
The inclusion of D-arabinitol or D-xylitol units into the polyesters had a marked effect; lowering the 
melting temperature without having a significant effect on thermal stability and decreasing 
crystallinity. A marked increase in the polymer’s sensitivity to hydrolysis was also observed. This is an 















Arabinitol: R1 = OMe, R2 = H
Xylitol: R1 = H, R2 = OMe  
Scheme 5.8: Pentitol-based replacements for PET and PBT 
 
Recently the same group have made polyesters from the same selectively methylated pentitols with 
adipic acid, or the corresponding aldaric acids, and 1,4-butanediol using a titanium iso-propoxide 
catalyst.65  In this case it was observed that the stereochemistry of the alditol had a marked effect on 
the hydrolysis rate, with D-arabinitol based polyesters taking significantly longer to degrade. 
In summary, novel and potentially useful polyesters can be made from renewable, highly 
functionalised monomers using classical synthetic routes. However, the lengthy process of 
protection and deprotection, required to selectively esterify only certain hydroxyl groups and 
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prevent branching, leads to complex, lengthy and low yielding syntheses and performs poorly in 
terms of atom economy. 
Langer et al. have attempted to make polyesters from polyols, specifically xylitol, and diacids, in this 
case sebacic acid, without the use of protecting groups or solvent.66 Initial reactions over 12 hours at 
150 °C and under reduced pressed yielded prepolymers of between 1000 and 6000 gmol-1, 
depending on the ratio of diacid to polyol. No attempt was made to measure the degree to which 
these were crosslinked. Further curing led to higher molecular weight elastomers, with significant 
amounts of cross linking. The physical characteristics of these elastomers were explored and they 
were shown to be readily biodegradable and significantly more biocompatible than equivalent PLA 
based polymers. The Williams group has had good success synthesising functional polyesters by the 
ROP of functional lactones with and without lactide as a co-monomer.67-69 These lactones were made 
from gluconolactone, via several synthetic steps, and it is hoped that using polycondensation, 
equivalent polyesters could be made without the expense associated with making the lactones. 
 The use of enzymes in polyester synthesis was first explored by Dordick et al. polymerising alditols 
with activated esters.70 More recently, work by Gross et al. using enzymes, specifically lipases, to 
incorporate polyols into polyesters has utilised the selectivity of lipase for primary hydroxyl groups 
to prevent polymer branching and maintain some hydroxyl functionality in the final product as in 
Scheme 5.9.71-74 Gross’s work provides a neat alternative to protecting group methods and 
demonstrates the importance of using vacuum to drive a condensation reaction. The application of 
his work is somewhat limited by the fact that the polar solvents required to dissolve the polyols tend 
to deactivate lipases. To get round this the reaction was carried out in the melt, and consequently at 




























Scheme 5.9: Typical lipase catalysed polycondensation without protecting group methods 
Meijer et al. have used Novozym 435 for a different synthesis.75 They used the functional monomers 
shown in Scheme 5.10 and exploited Novozym 435’s selectivity for the transesterification or ROP of 
primary hydroxyl groups to make organic soluble, functional polyesters of good molecular weight. 
Good selectivity for the primary hydroxyl group was demonstrated in both cases and subsequent 










Scheme 5.10: Functional monomers used with Novozym 435 to make functional polymers 
Takasu et al.  have achieved similar results using kinetic control to favour esterification of primary 
hydroxyl groups.76 This is a novel approach as polycondensations have traditionally needed to be 
carried out at high temperatures77 negating the use of kinetic control. The high activity of Sc(OTf)3 as 
a Lewis acidic esterification catalyst allows much lower temperatures to be accessed. Using this 
approach they have been able to prepare linear polyesters from monomers with pendant hydroxyl 
groups, as shown in Scheme 5.11, without resorting to using protecting group methodology. This 
synthesis was performed in the bulk, however, and thus is limited to monomers liquid at the 
relatively low temperatures applied (60 – 80 °C). Furthermore, limited evidence was provided for the 





















Scheme 5.11: Polycondensation catalysed by Sc(OTf)3  without protecting groups 
As discussed previously the ROP of lactones by metal alkoxide initiators falls outside the remit of this 
report. However, other systems of more potential interest to this work, employ comparatively 
simple organocatalysts. 
One such approach uses N-heterocyclic carbenes (NHCs) to catalyse the reaction, as in Scheme 5.12. 
NHCs have been touched upon in their use as transesterification catalysts but they can also be used 


























Scheme 5.12: ROP of lactide by N-heterocyclic carbene 
Another study has used the commercially available Sc(OTf)3 and Sn(OTf)2 to catalyse the ROP of 
lactide via the activated monomer mechanism82 It was observed that the addition of base, either as 
a solvent or co-catalyst, significantly improved the rate of reaction. A more recent study has 
suggested that ROP of lactide by Sc(OTf)3  is promoted by the activated monomer mechanism 
analogous to that shown in Scheme 5.12 with activation occurring through coordination of the 
carbonyl by the metal centre.83  
Dove et al. have demonstrated the use of thiourea based catalysts to be excellent for ROP of 
lactides.84 The mechanism of action, as shown in Scheme 5.13, again relies on hydrogen bonding 
between substrate and catalyst. Dove et al. have shown that the thiourea and tertiary amine’s 


















Scheme 5.13: Proposed active site of the thiourea based catalyst for lactide ROP  
The same group have also demonstrated the use of triazabicyclodecene (TBD) as another 
bifunctional catalyst for ROP; the mechanism is shown in Scheme 5.14.85 It should be noted that the 
function of the catalyst was performed equally well when the base and hydrogen bond  acid were 
contained within two distinct species. This raises the real prospect that ILs, which after all comprise a 
hydrogen bond acid and a hydrogen bond base, could participate in similar reactions.  
Furthermore, the active sites proposed for these catalysts are similar to the structure of recently 
developed guanidinium based ionic liquids shown in Scheme 5.1586. The cations synthesised all had 
alkyl groups in the R1 and R2 positions but if some amine functionality could be retained the 
guanidinium could perform the function of the thiourea moiety with the nucleophile activated by a 
basic anion. The possibility of a catalytic solvent based on a guanidinium cation and an anion with 
high β value is raised. Use of a guanidinium cation as an analogue to TBD is considered to be less 
promising as the cation should have a relatively low basicity as compared to a guanidine species. 




















































5.5. Esterification, transesterification and polyesterification in ILs 
5.5.1. Rationale 
This thesis is concerned with making esters and polyesters in ionic liquids. Despite the effect of 
solvent on the rate of esterification having been studied for over 150 years, there are several 
reasons why this is considered a potentially useful line of enquiry.  
Firstly, as with all condensation reactions, applying a vacuum is often used to remove the 
condensate and drive the equilibrium towards products. Ionic liquids are unique in that they offer 
the ability for vacuum to be used in conjunction with a solvent.  
Secondly, as Gross has observed, a difficulty with existing polyester syntheses is that dissolving polar 
substrates requires polar solvents. Conventional polar solvents are often water miscible, leading to 
poor equilibrium conversion, and many, such as short chain alcohols, severely inhibit enzyme 
activity. Ionic liquids, polar by their nature, can be designed to be immiscible with water87 and, as 
will be discussed in 5.5.4, have been shown to be compatible with many enzymes.  
Thirdly, some ionic liquids with basic anions have been shown to dissolve abundant carbohydrates 
such as cellulose in high amounts88-90. The solubilisation and subsequent chemical modification of 
biomass constitutes an important route to the goal of using biomass as a general chemical 
feedstock. Making esters and polyesters from carbohydrates in ionic liquids would be one step 
towards this.  
Finally, in ionic media it has been shown that relatively strongly coordinating anions, and thus high β 
values, exhibit a dehydrating effect in some systems.9 It may be that the dehydrating effect could 
lead to an interesting environment within which to carry out esterifications. Conversely, it may be 





5.5.2. Acid catalysed mono-esterification 
Before polyesterification in ILs can be understood, mono-esterification must first be studied and 
explained. Esterification has already been demonstrated in many ILs. The first study of esterification 
in Al(III)Cl3 based ionic liquids was carried out by Deng et al., they performed comparably with 
concentrated sulphuric acid catalysing the reaction of acetic acid with several alcohols.91 However, 
the moisture sensitivity of chloroalimunates renders this approach impractical on all but the 
experimental scale. Davis et al. were the first to report the use of IL tethered sulphonic acids to 
promote Fisher esterification.92 This group tethered a sulphonic acid moiety to the aliphatic chain of 
an imidazolium ring. Yields were optimal with a small amount of water present suggesting that water 
is involved in the proton transfer between the sulphonic acid and the acetic acid. 
Of course, acidity can be imparted by either the cation or anion of an IL, or both, and the concept of 
a Brønsted acidic IL being used as an esterification catalyst and/or solvent has subsequently been 
expanded upon by a number of groups,93-96 most recently by Li et al.97 and Ganeshpure et al.98 In 
each study, a number of esterification reactions are performed with reasonable success in a limited 
range of acidic ILs. Without standardising conditions, and with little comparison with molecular 
solvents, even combined they provide little information about the relative merits of different ILs. 
Furthermore, there is some concern that by involving the IL as a catalyst in the reaction, the 
reusability of the IL may be compromised. Given their expense, this would rule out the application of 
the IL in all but the most high value processes. So called protic ionic liquids, with a protonated 
nitrogen on the cation, have also been used to promote esterification.99,100 These performed well, 
and were shown to be the active catalyst, as opposed to the protonated anion. However, they are 
likely to suffer the same kinds of potential problems as the Brønsted acidic ILs discussed above. 
A more systematic study was carried out by Jiang et al.; they investigated p-TSA catalyzed 
esterification in imidazolium-based [BF4]
- and [PF6]
- ILs; they observed that the choice of IL had an 
effect on the equilibrium, with higher conversions observed in the hydrophobic [PF6]
- based ILs.101  
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Binary metal isopropoxide complexes containing  Zr(IV), Fe(III), Ga(III) and Sn(IV) have also been used 
as catalysts for the esterification between  4-phenylbutyric acid and benzyl alcohol.102 No activity 
was observed using [BF4]
- and [PF6]
- based ILs whereas [N(Tf)2]
- and [OTf]- did exhibit activity. This 
suggests that acid generated by the reaction of water and the fluorinated anions somehow 
deactivates the iso-propoxide complexes. [BF4]
- and [PF6]
- based ILs are widely held to generate HF in 
reaction with water, although no evidence of etching has been observed by this author. 
To date, no study provides a comprehensive attempt to elucidate which ILs are conducive to rapid 
esterification, and why. Neither is there a clear commentary of why ionic liquids should be used over 
molecular solvents and how widely they could be applied. 
5.5.3. Acid catalysed transesterification in Ionic Liquids 
Acid catalysed transesterifications have been studied far less than acid catalysed esterification in ILs. 
Bo et al. have shown that sulphamic acid catalysed transesterifications of β-ketoesters were more 
selective in imidazolium chloride based ILs than the same reactions in CH2Cl2 or hexane, but no 
explanation of this phenomenon was offered.103  
A little more information can be gleaned from the a study into the transesterification of cottonseed 
oil with methanol in a range of Brønsted acidic ILs.104 Different reaction rates achieved were 
attributed to proposed differences in acidities of each IL, suggesting catalyst activity in ILs may be a 
dominant factor. 
The cyclisation of 2-hydroxypropyl-p-nitrophenyl phosphate, also a transesterification, in a range of 
[C4C1im] based ILs proceeded significantly faster than the equivalent reaction in water, perhaps 
unsurprisingly.  The choice of anion also appeared to be significant with the reaction rate found in 
the order [CH3CO2]
- < [OTf]- < [InCl4]
- < [BF4]




5.5.4. Lipase catalysed esterification and transesterification in Ionic Liquids 
The combination of hydrophobic ionic liquids and enzymes is an increasingly common subject of 
research.106 Sheldon et al. first reported the use of enzymes to catalyse transesterification in ILs in 
2000, demonstrating the efficacy of Novozym 435, an immobilised lipase known as Candida 
Antarctica Lipase B (CALB), in the transesterification of ethyl octanoate with propan-2-ol and butan-
1-ol in [C1C4im][BF4] and [C1C4im][PF6].
107 Subsequently, the transesterification of rac-1-phenyl 
ethanol was attempted with nine free lipases and two free esterases.108 Esterases were not active in 
the ILs used but two types of lipase, including CALB, were more active in ILs than molecular solvents. 
[C1C4im][N(Tf)2]  was the best IL in terms of enzyme stability. Esterases have subsequently been 
shown to be active in ILs when immobilised on celite.109 Chymotrypsin has also been shown to be an 
active transesterification catalyst in ILs.110 
The advantages, in terms of enzyme stability, of immobilising lipases were further demonstrated by 
comparing the synthesis of butyl butyrate from vinyl butyrate and butanol, catalysed by free and 
supported CALB.111 Shah et al. developed this concept by exploring several different immobilisation 
techniques including cross linked aggregation, protein-coated micro crystals and embedding in 
polyethylene glycol.112,113 
In a later study, ILs of the form [CnC4im]X with anions [BF4]
-, [PF6]- and [N(Tf)2]
- were all shown to 
stabilise free CALB better than organic solvents, and promote higher transesterification activity.114,115 
[PF6]-  exhibited the highest activity and the authors speculated that the activity of the enzyme in IL 
could be correlated with a primitive estimation of polarity, although this was not measured 
experimentally. 
In a demonstration of their potential in the utilisation of biomass, Bornscheuer et al. tested a range 
of lipases for the regioselective transesterfication of D-glucose with the vinyl esters of fatty acids in a 
biphasic system of [C1C4im][PF6] or [C1C4im][BF4] and tert-butanol biphasic system.
116 Only CALB 
enzyme was shown to be active, and even this could be improved upon by medication with PEG. 
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Novozym 435 was subsequently shown to be effective at catalysing this reaction in [C1C4im][PF6], 
[C1C4im][N(Tf)2]  and [C1C4im][OTf].
117 
Lipases are also effective esterification catalysts. The esterification of (±)-menthol with propionic 
anhydride using Candida Rugosa Lipase has been shown to proceed at higher rate and with better 
enantioselectivity in [C1C4im][PF6] than hexane. 
118 Similarly to transesterification, in terms of activity 
and stability, [C1C4im][PF6] is reported as the best IL to use for lipase catalysed esterification by a 
number of related studies.119,120 However, the known instability of the [PF6]
- anion in the presence of 
water would seem to question the wisdom of this assertion.  
Another study found that selective transesterification of allylic alcohols could be promoted by 
Novozym 435, Alcaligenes sp. lipase and Pseudomonas sp. lipase, whereas a number of others were 
inactive. 121 Interestingly, in this study hydrophilic ILs such as [C1C4im][OTf] and [C1C4im][F3CCO2] 
exhibited poor activity. The enantioselectivity of lipases was further demonstrated by Kim et al.122 
Further evidence for hydrophilic ILs, with more basic anions, being poor solvents in terms of activity 
for lipase catalysed transesterification has emerged since, across a number of different 
systems.121,123-126  Anions shown to be poor include nitrate, acetate, lactate, ethyl sulphate and 
trifluoro acetate – all very basic. The choice of anion has also been shown to affect selectivity of 
reaction, again with more basic ILs performing more poorly.127 
It has been suggested that the enzyme is fully soluble in more hydrophilic ILs and its activity is 
significantly decreased.125 This effect is observed even using the immobilised form, Novozym 435, 
and it was speculated that upon dissolution the structure of the enzyme was significantly changed – 
leading to a loss of activity.124 It was also suggested that more basic anions coordinate water more 
strongly and thus, may dehydrate and deactivate the enzyme’s active site.126 
Confusingly, recent studies on lipase activity [C1C4im][PF6] and [C1C2im][N(Tf)2]  showed better 
performance than the more basic [C1C4im][BF4] in the lipase catalysed transesterification of ethyl-3-
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phenylpropanoate128 but [C1C4im][BF4] outperforms [C1C4im][PF6] in the CALB catalysed 
transesterification of ethyl butanoate.129 
In a study seemingly designed to explore this further, Reichardt’s normalised polarity scale (ET
N) was 
measured for a number of ILs used for a lipase catalysed transesterification.126 With only one IL 
demonstrating activity, [C4C1im][PF6], a correlation with polarity was impossible. However, ILs with 
ET
N values both higher and lower than [C4C1im][PF6] demonstrated zero activity, suggesting polarity, 
as measured by Reichardt’s dye, is not a major factor. 
Furthermore, as discussed above, a number of lipases have been demonstrated to have decent 
activity in [BF4]
-  and [OTf]-  containing ILs, both of which are reasonably hydrophilic. In a later paper, 
an attempt to correlate enzyme activity with ET
N was made and a weak positive correlation 
demonstrated.130 Reichardt’s dye, use to measure ET
N, is sensitive to solvent acidity and dipolarity, 
with the values of α, π* and ET
N related by the expression in Equation 5.7.  
Equation 5.7: Relationship between ET
N
, π* and α 
      
   
             
      
       
Across the range of ILs reported, π* is likely to be largely invariant. This would suggest that solvent 
acidity, measured by the α value, plays a role in determining lipase activity. Too narrow a range of 
acidities is observed to be sure of this though. α values, estimated from ET
N, of the ionic liquids in 
question ranged between 0.55 and 0.70.  
Given that, by whatever measure, a limited range of polarities was used and that enzyme activity is 
known to correlate much better with hydrophobicity, log P,131 it is possible that some other factor is 
influencing the activity of lipase in the case of ILs. 
Salt pairs, such as sodium iodide, were used to try to control water activity and thus regulate lipase 
activity in ILs.132 This proved inconclusive, despite the same approach being successful in molecular 
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solvents.133 Later, Barahona et al. did discover an optimum water activity (aw = 0.6) for Novozym 435 
in [C1C4im][PF6].
134 
So, we know impurities in ILs such as silver salts130 and even water132,135 have been shown to have a 
significant impact on lipase activity in ILs. Even if water content is optimised, it is doubtful whether 
hydrophilic ionic liquids such as those tested were synthesised or purchased free of impurities such 
as halides or metal cations. It is unclear how these may have affected enzyme activity in the 
hydrophilic ILs studied. 
CAL-B has been shown to catalyse esterification by the ping-pong bi-bi mechanism, shown in Scheme 
5.16.124 This involves coordination of the ester and release of the condensate, followed by 
coordination of the alcohol and a final reaction. 
 
Scheme 5.16: Ping pong bi bi mechanism of CAL-B catalysed transesterification
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In common with most enzymes, the active site of CAL-B is buried within a protein. Interestingly, CAL-
B has also been shown to have a “lid” over the entrance to the active site which can control access 
to the interior of the enzyme.137 It may be possible that the active site of CAL-B is hidden from 
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solvation. Thus, barring denaturation, CAL-B catalysed reactions might not be expected to be too 
sensitive to solvent; the sensitivities demonstrated thus far in hydrophilic ILs are yet to be 
conclusively proven to be caused by solvent, rather than impurities. Furthermore, if 
hydrophobicity/hydrophilicity, is the dominant factor in determining lipase activity, it remains to be 
clearly determined where the boundary between active, and inactive is.  As an aside, the use of 




5.5.5. Base catalysed transesterification in Ionic Liquids 
As discussed in Section 5.3.1, activated esters, such as anhydrides, are often used in acylations. The 
use of such reagents has been explored in ILs, firstly using dicyanimide ([dca]) based ILs, which were 
shown to be effective at promoting the acylation of a range of alcohols and sugars with acetic 
anhydride.138 [C1C4im]Br has shown to be similarly effective at promoting this reaction
139 and even 
[C1C4im][BF4] shows some activity. 
140 In this latter case, benzene sulphonate salts have been found 
to significantly enhance the rate of reaction with some alcohols.141  
The acetylation of several carbohydrate polymers142-146, and even wood,147 has been also 
demonstrated in chloride or dicyanimide based ILs. This kind of approach offers potential as a route 
to novel materials by solubilising, or modifying the properties of existing biopolymers.  
Examples of transesterification with unactivated esters are less common in the literature. Vegetable 
oil alcoholysis has been promoted using basic carbonates and phosphates, in imidazolium based 
ILs.148 In ILs with [NTf2]
-, [BF4]
- or [PF6]
- anions, the reaction proceeded to high yield with little 
difference between differently constituted ILs, whereas in [OTf]- based ILs, reactivity was 
appreciably lower. The fluorinated anions were, unsurprisingly, gradually hydrolysed by adventitious 
water. Of more concern was the significant reduction in activity in repeat runs in many of the ILs. 
This was ascribed to IL decomposition and a viable route, involving deprotonation of the C-2 carbon 
was proposed. This hypothesis was supported by the observation that the 13C NMR C-2 signal of 
[C1C4im][N(Tf)2] almost completely disappeared upon addition of Cs2CO3. Whilst the corresponding 
carbene signal was not observed and the original imidazolium signal reappeared upon addition of 
alcohol, this suggests that the C-2 proton is relatively labile in this system. 
In a very different field, dimethyl carbonate was made by the methanolysis of ethylene carbonate at 
high temperature and pressure in some imidazolium based ILs.149 The anion of the IL was found to be 
the dominant factor in determining conversion, with the more basic Cl- anions exhibiting the best 
reaction. This suggests that the IL was acting as both solvent and base catalyst in the reaction. 
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Again, whilst useful reactions have been demonstrated, and interesting observations made, there 
exists no clear interrogation of ILs as solvents for base catalysed transesterification as compared to 
molecular alternatives. Equally, whilst some differentiation between activities in ILs has been 
observed, this has not been comprehensively explored. The confusion between ILs acting as catalysts 
and ILs as simple solvents also clouds this picture. 
5.5.6. Polyesterification and polycondensation in Ionic Liquids 
Polymerisation is, perhaps unsurprisingly given the quantity plastics are produced in, one of the 
most studied reactions in ILs. Polymerisations explored include radical polymerisations, cationic and 
ionic polymerisations, ROPs and polycondensations of all kinds. Thankfully, these are reviewed 
comprehensively by a series of papers by Kubisa. 150-152 
As discussed in Section 5.5.1, one of the most appropriate reactions to explore in ILs and of the most 
interest to this report is polyesterification. Direct polycondensation of glycolic acid in a range of ILs, 
with and without some acid and metal alkoxide catalysts and at high temperatures, between 160 
and 240 °C, only led to oligomeric products, little more than 1000 gmol-1 in weight.153 Even 
prepolymerisation in the melt, followed by further reaction in IL could not produce polymeric 
products. It is interesting to note that polymer solubility was an issue, although this might be 
expected of highlighly crystalline polyglycolic acid (PGA), and that small amounts of the cyclic dimer 
glycolide were produced. PGA oligomers have also been used as the basis for PGA/ ε-caprolactone 
copolymers. 154 ROP of the ε-caprolactone by Ti(OBu)4, followed by transesterification along the 
chain led to random copolymers. 
 Heise et al. found that the polycondensation of 1,4-butanediol with dimethyl adipate and dimethyl 
sebacate could be promoted by a lipase catalyst in [C1C4im][N(Tf)2].
155 Molecular weights of up to 
5400 gmol-1 could be achieved in an open reaction vessel close to the boiling point of methanol. 
However, the yields of polymer recovered were rarely above 50% and molecular weights reported 
midway through purification were significantly lower. It must be questioned, therefore, whether 
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extraction from the IL preferentially removed higher molecular weight species, artificially increasing 
the molecular weights reported. 
More recently, a two step polyesterification of sebacic, adipic and succinic acids with a range of diols 
has been demonstrated in a range of imidazolium based ILs.156 This process involved the formation 
of oligomers in the bulk, without catalyst, at 160 °C. This was followed by condensation of these 
oligomers using SnCl2 at 160 °C and reduced pressure. [PF6]
- based ILs were shown to deactivate the 
tin catalyst, whereas those based on [N(Tf)2]
-  gave good results. Molecular weights of nearly  90,000 
gmol-1 could be achieved in 24 hrs, although this must be measured against the authors achieving 
60,000 gmol-1 in the bulk in one third of the time. Polymers tended to crash out of solution upon 
cooling, allowing the IL to be washed away with methanol and, to a certain degree, the point at 
which this happened appeared dependent on the nature of the cation. Longer alkyl chains appeared 
to maintain solubility for longer and this was loosely analysed in terms of Hildebrand solubility 
parameters. 
In other polycondensations, the sulphuric acid catalysed polymerisation of phenol and formaldehyde 
was successfully demonstrated in a range of moderately basic imidazolium based ILs, with anions 
[OTf]- and [BF4]
-.157 More basic anions such as chloride or iodide prevented the reaction and it was 
speculated that the stronger hydrogen bond interaction between the anion and phenol prevented 
polymerisation. A Brønsted acidic IL was also used to replace the sulphuric acid. 
Beyond polyesterification, transferrable information can be gleaned from the study of related 
reactions in ILs. Polyamide synthesis is the most synthetically similar reaction, and despite issues 
with the solubility of some aromatic monomers, the synthesis of polyamides from diacid chlorides or 
anhydrides has been demonstrated in ILs.158,159 
Polycondensation of diacids with diamines has also been attempted using acidic imidazolium based 
ILs as both catalyst and solvent.160,161 Interestingly, in another polycondensation of aromatic 
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dianhydrides, the solubility of the polymer was improved using an imidazolium based zwitterion.162 
This suggests that solubility problems associated with polymers in ILs may have relatively simple 
solutions. ILs have also been used as solvents for the synthesis of a series of optically active 
polyamides163,164 and self supporting gels based on polyamides165 and polyureas.166  
Owing to their dipolar nature and low specific heat capacities131, ILs are well known to be efficiently 
heated by microwave irradiation167 and this characteristic has been exploited by several groups 
exploring polymerisations in ILs. They have shown to be better than molecular solvents under 
microwave irradiation for oxazoline,168,169 and ε-caprolactone170 polymerisation. They have also been 
used in polycondensations to make polyurethanes171 and polyamides172. 
At initial glance microwaves would appear to be the obvious choice of heating for a 
polyesterification. For this study, however, they could not be used because the source of 
microwaves available could not be used in conjunction with the reduced pressure required to 
remove the condensate water. It may be that a more sophisticated set up could handle both 
conditions. 
Furthermore, there are drawbacks to using ILs as solvents for polyester syntheses. Solubility of 
polymeric species is often limited and, when it can be maintained, separation of the polymer from 
the IL is nontrivial. Often, this involves the use of traditional solvents, in which case it must be 
questioned what value ILs are truly adding over cheaper alternatives. It may well be that for an IL to 
be considered as a viable alternative solvent for polymerisations, it must demonstrate qualitative 
benefits in terms of either solubility or reactivity. This has, in the case of polyester synthesis at least, 
yet to be demonstrated.  
5.5.7. Synthesis of other polyesters in Ionic Liquids 
Beyond polycondensation, a number of other routes to polyesters in ILs have been explored. 
Enzymes, or more specifically lipases, have been extensively studied as catalysts for the ring opening 
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polymerisation (ROP) of cyclic lactones to make polyesters.173-175 ILs are among the solvents which 
have been explored in this field.176 
The enzymatic ROP of ε-caprolactone in ILs was most successful in [C1C4im][N(Tf)2], reaching 
molecular weights of 9000 gmol-1.155 In ILs based on [BF4]
- and [PF6]
- solubility of the polymer was 
severely limited and hindered the reaction – a recurring theme. Recently, Martinez-Richa et al. 
explored the  ROP of ε-caprolactone in a range of ILs and with three different lipases.177 Despite 
being a more comprehensive study than that previously reported, they were unable to improve on 
the 9000 gmol-1 achieved. 
Looking beyond ε-caprolactone, CALB was shown to be an excellent ROP catalyst for a range of 
lactones in [C1C4im][N(Tf)2]  by Srienc et al.
178 Molecular weights of up to 13000 gmol-1 could be 
accessed with decent degrees of polymerisation demonstrated for β-propiolactone (170), δ-
valerolactone (25), and ε-caprolactone (85). Butyrolactones proved more stubborn monomers. The 
group also found a small, but non zero, water content of the IL to be optimal. 
Lipase catalysed polymerisation of L-lactide has also been demonstrated.179 In this case, the best 
results were observed in [C1C4im][BF4], with an impressive molecular weight of 55,000 gmol
-1 
achieved. This was a marginally better result than that obtained in toluene, and the IL also allowed 
lower temperatures to be used. 
Beyond lipases, Hedrick et al. have performed living polymerisations of lactide using an NHC 
generated in situ from [C1C4im][BF4] with Bu
tOK.79 Whilst solubility of the polymer was an issue at 
higher molecular weights, leading to the use of THF as a second solvent in a biphasic system, the 
study nicely demonstrates the idea that ILs can, under the right conditions participate in 
polymerisation reactions in a relatively sophisticated way. 
Again, whilst some syntheses have had success, there remains no clear rationale for ILs over 
molecular solvents other than a vague sense that they are “green”.  
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5.6. Summary of aims 
This study aims to explore the use of ILs as solvents for esterifications or transesterification and in so 
doing, develop flexible methodology which may lead to the efficient synthesis of highly functional, 
biodegradable polyesters from renewable starting materials.  
Where possible, the least wasteful reaction, with the fewest synthetic steps involved, will be 
employed. This means esterification is preferable to transesterification and methyl esters are better 
starting materials than vinyl esters. 
Ionic liquids are thought to be promising solvents for this kind of reaction not only because they can 
dissolve potential starting materials, but their unique properties allow for the use of reduced 
pressure to drive off the condensate and ensure high conversion.  
This means that, where possible, quantitative techniques will be used to follow reactions and, where 
possible, this will be fed into LSERs to properly compare each solvent and develop theory of solvent 
influence. This should inform solvent choice for this project. It will also allow future choices of 
solvent for esterification and transesterification reactions to be based on evidence, rather than 

























6. Esterification kinetics 
Chapter Summary 
Aims: 
- to determine the fundamental solvent properties required for fast, acid catalysed 
esterification 
- to determine if ionic liquids can, in the case of acid catalysed esterification, be considered 
classical solvents as described by their Kamlet Taft polarity descriptors 
- to inform future choices of solvent and catalyst for the synthesis of highly functional 
polyesters 
Outcomes: 
- ionic liquids are equally well described by their Kamlet Taft polarity descriptors as molecular 
solvents in terms of how they interact with a Brønsted acid catalysed esterification reaction 
- the major factor determining Brønsted acid catalysed esterification rate in all solvents 
appears to be solvent basicity, with low basicity solvents corresponding to fast esterification 
- the use of a Lewis acid does not appear to give sufficient improvement to justify the extra 
cost; delivering only moderately improved rate and similar solvent dependence  
- changing the acidic catalyst is unlikely to offer significant rate enhancements in ionic liquids, 
with all sources of H+ yielding essentially identical rates 
Key Figure: 
 



























6.1. Brønsted Acid Catalysed Kinetics 
6.1.1. Selection of model esterification 
In order to study the effect of solvent on esterification rate, a model reaction was required which 
would give measurable rates in a range of solvents. It was initially hoped that the reaction progress 
could be followed by in situ UV-vis spectroscopy but, following analysis of several chromophore 
containing acids and alcohols, the λmax of the corresponding esters was not sufficiently different to 










50 0C  
Scheme 6.1: Model esterification between methoxy acetic acid and benzyl alcohol (Brønsted acid) 
The p-TSA (1 mol %) catalyzed esterification between methoxy acetic acid and benzyl alcohol, at 50 
°C (Scheme 6.1), was chosen. p-TSA was selected as the Brønsted acid catalyst due to its good 
solubility in a wide range of solvents, and regular use as an esterification catalyst.  At 50 °C, the 
reaction proceeded at an observable rate in all solvents. The reagents were chosen because of their 
suitability for 1H NMR spectroscopic monitoring; resonances of the reagents are clearly 
distinguishable from those of the resulting ester and also from those of most common molecular 
and ionic solvents, as shown in Figure 6.1. This allowed for direct measurement of the reaction 
conversion without the need for solvent removal. The reagents are also involatile at 50 °C, 





















H NMR resonances associated with model esterification 
Approximately 1M concentrations of each reagent were used so as to be representative of real 
synthetic conditions, as opposed to a classical infinite dilution, pseudo 1st order kinetic experiment.  
In situ 1H NMR monitoring was not undertaken as ionic liquids are viscous and transfer limited 
kinetics were a concern. Therefore, the reaction was carried out in a stirred vessel and aliquots were 
periodically removed for analysis.  
6.1.2. Generation of rate constants  
As mentioned in Section 6.1.1, the reagents were used in approximately 1M concentration in order 
to be synthetically relevant. This posed a challenge when generating rate constants as the typical, 
and most simple, kinetic method involves using one reagent in large excess, thereby rendering the 
reaction pseudo first order and simplifying the rate law significantly. The integrated second order 







k’ + H2O 
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Equation 6.1: Integrated second order rate law 
    
 
   
  
      
      
 
Where: 




                                      
                                      
                     
                          
In order to use 1H NMR integrals (Isubscript) in place of absolute concentrations, it is necessary to 
rearrange Equation 6.1 in terms of unit-less ratios. The initial ratio of [acid] to [alcohol], θacid, and 
conversion, x’, can both be determined from 1H NMR integrals according to Equation 6.2 and 
Equation 6.3. 
Equation 6.2: Equation used to calculate θacid 
       
       
          
  
      
      
 
Equation 6.3: Equation used to calculate x’ 
   
       
          
  
   
       
 
These ratios can be incorporated into Equation 6.1 as follows: 
   
 
 
         
Therefore: 
                
As such: 
                           
Substituting into the integrated second order rate law yields: 
    
 
                          
  
                                        




Factor out [alcohol]0 from each term: 
    
 
                   
  
          
           
               
       
 
Cancel [alcohol]0 where possible and split first term: 
Equation 6.4: Derived integrated second order rate law 
    
 
          
 
         
  
          
           
 
The resulting rate law can be used to rationalize raw 1H NMR integrals into a rate constant, k2, using 
a known initial alcohol concentration, [alcohol]0 , by plotting the result of the right hand side of the 
equation against time. 
This rate law does not take into account the equilibrium position for the reaction in each solvent, so 
rate data was only collected before concentration of ester was high enough for the back reaction to 
become significant, as shown by a deviation from a linear relationship on the integrated rate 
equation (IRE) plots. The conversion at which this happened was solvent dependant, as a 
consequence of the varying solubility of water in each solvent. 
6.1.3. Kamlet Taft Parameters of Solvents 
The Kamlet Taft parameters measured for the solvents investigated are shown in Table 6.1. They 
constitute a reasonable range across all three parameters in question and include both ionic and 
molecular solvents. If ionic liquids behave as classical solvents, as described by their Kamlet Taft 
parameters, it should be possible to correlate the rate constant, k2, of esterification in each solvent, 
with the polarity descriptors in an LSER. If, however, ionic liquids behave in a somehow different 




 Table 6.1: Kamlet Taft parameters for the solvents investigated 
Solvent α β π * 
Toluene 0.00 0.09 0.56 
Acetonitrile 0.36 0.39 0.82 
THF 0.00 0.58 0.62 
[C4C1im][N(Tf)2] 0.60 0.21 1.01 
[C4C1im][OTf] 0.60 0.51 1.03 
[C4C1C1im][N(Tf)2] 0.38 0.28 1.03 
[C4C1py][N(Tf)2] 0.41 0.26 0.97 
6.1.4. Rate of reaction in each solvent 
To rationalise the effect of the solvent on the kinetics, it is necessary to understand the mechanism 
of the reaction and how a solvent might interact with the activated complex in the rate limiting step 

























































For this reaction the third mechanism is considered a highly unlikely route given the relative 
instability of a primary carbocation. The acid catalysed, acyl oxygen cleavage, unimolecular (AAC1) 
mechanism is only ever seen with bulky acids in highly ionising solvents. Studies on nucleophilic 
substitution reactions in ionic liquids suggest that they are not particularly ionising solvents, despite 
their high polarisability.37 Equally, methoxy acetic acid cannot be considered sufficiently bulky to 
promote AAC1. Acid catalysed, alkyl oxygen cleavage, unimolecular (AAL1) of esters, a mechanism 
which leads to an ether and carboxyic acid, is unlikely to be observed with this product given the 
instability of the primary carbocation formed.  This suggests that the acid catalysed, acyl oxygen 
cleavage, bimolecular (AAC2) mechanism will be followed, with second order kinetics. 
The result of Equation 6.4 is shown against time in Figure 6.2 – Figure 6.8. A rate constant, k2, for 
esterification in each solvent was determined by measuring the gradient of the line in each case. 
Three rate constants were generated per solvent, the mean of these and the standard deviation, σ, 
are summarised in Table 6.2. 
 
 
Figure 6.2: Integrated Rate Equation (IRE) against time for Brønsted acid catalysed esterification in toluene 
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Figure 6.3: IRE against time for Brønsted acid catalysed esterification in acetonitrile 
 
Figure 6.4: IRE against time for Brønsted acid catalysed esterification in [C4C1im][N(Tf)2] 
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Figure 6.5: IRE against time for Brønsted acid catalysed esterification in [C4C1im][OTf] 
 
Figure 6.6: IRE against time for Brønsted acid catalysed esterification in [C4C1C1im][N(Tf)2] 
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Figure 6.7: IRE against time for Brønsted acid catalysed esterification in [C4C1py][N(Tf)2] 
 
Figure 6.8: IRE against time for Brønsted acid catalysed esterification in THF 
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104 σ × 104 
Toluene 110 9.4 
Acetonitrile 16.6 0.36 
THF 2.87 0.40 
[C4C1im][N(Tf)2] 52.9 4.0 
[C4C1im][OTf] 8.60 0.70 
[C4C1 C1im][N(Tf)2] 47.5 1.6 
[C4C1py][N(Tf)2] 55.0 5.4 
6.1.5. Correlation of rates with solvent properties 
The natural log of the rate constant of esterification, ln k2, can be correlated with the three Kamlet 
Taft parameters using multivariate regression analysis to fit Equation 5.6 in an LSER. This analysis 
generates values for the three coefficients a, b and s. The value and sign of these coefficients 
provide information about the effect of their corresponding parameters, α, β and π*.  Using a 
statistical measure, p-value, generated for each coefficient, it is possible to determine if all three 
parameters are significant in the correlation. A p-value > 0.05 suggests less than 95% certainty that 
the associated parameter is significant.  
When all three Kamlet Taft parameters are correlated with ln k2 the regression output is shown in 
Table 6.3. The p-values associated with the coefficients a and s are 0.527 and 0.210, suggesting 












Intercept -4.91 0.716 6.35 × 10-3 -7.18 -2.63 
α -0.646 (a) 0.905 0.527 -3.52 2.23 
β -7.29 (b) 0.467 5.72 × 10-4 -8.77 -5.80 
π* 1.80 (s) 1.13 0.210 -1.80 5.40 
Redoing the analysis without α, the parameter shown to have the least significance, yields the 
regression output in Table 6.4. Removal of α makes the correlation in β and π* stronger, but π* is 
still not shown to be significant by the p-value associated with the coefficients. 
Table 6.4: Regression output for Brønsted acid catalysed esterification LSER with β and π*  
Parameter Coefficients 
Standard 
Error P-value Lower 95% 
Upper 
95% 
Intercept -4.47602 0.360 2.41 × 10-4 -5.48 -3.48 
β -7.28122 (b) 0.438 7.64 × 10-5 -8.50 -6.07 
π* 1.044061 (s) 0.379 0.0512 -8.74 × 10-3 2.10 
A final regression analysis with just β included yields the recession output shown in Table 6.5. In this 
case, the intercept and coefficient b are shown to be statistically significant by their p-values. This 
suggests that β, solvent basicity, is the only significant solvent parameter in determining Brønsted 
acid catalysed esterification rate. This relationship between ln k2 and β is shown clearly in Figure 6.9, 
with 95% confidence limits shown by error bars, and is discussed in Section 6.1.6. It is important to 
note that both ionic and molecular solvents fall neatly into the same correlation suggesting ionic 
liquids’ interactions with esterification reactions are equally well described by Kamlet Taft 












Intercept -3.59 0.245 2.67 × 10-5 -4.22 -2.96 
β -7.25 (b) 0.666 1.14 × 10-4 -8.96 -5.53 
 
Figure 6.9: Relationship between β and ln k2 for Brønsted acid catalysed esterification 
6.1.6. Explanation 
The results obtained clearly show second order kinetics, or a bimolecular rate limiting step, and 
there is no evidence of a different mechanism being observed in ionic and molecular solvents. As 
such, it is likely that the acid catalysed, acyl oxygen cleavage, bimolecular (AAC2) mechanism is 
operating under the conditions explored, shown again in Scheme 6.3. 


















































Scheme 6.3: Labelled AAC2 esterification mechanism 
 
Formation of the activated complex (y) in the RLS of AAC2 reduces the charge density of the 
molecule. Hughes-Ingold theory predicts that dipolar solvents, with high π* values, should 
preferentially stabilise the reactant molecule (x), increasing the activation barrier and retarding the 
reaction. However, if this is a real effect for the reaction studied, it is too weak to be observed. 
An analogous argument for the effect of solvent acidity is harder to make so clearly. An acidic 
solvent, with high α value, would be expected to donate hydrogen bonds to the oxygen atoms in x 
and y, withdrawing electron density and destabilising the cations. Whilst it could be argued that any 
acidic interaction would preferentially destabilise the charge dense species x and accelerate the 
reaction, no acidity effect is observed.  
Indeed basicity is the only measured solvent property to have an effect on reaction rate, with a more 
basic solvent corresponding with a lower reaction rate. It is conceivable that a hydrogen bond 
accepting solvent, with high β, could interact with the hydroxyl groups on both x and y, donating 
electron density and stabilising the cations. The higher positive charge density of the reactant 
molecule means it will be stabilised more strongly thus reducing the rate of reaction. It follows that 
the more basic a solvent is, the slower the rate should be. This is observed but it is not clear, by this 
reasoning, why the solvent acidity or polarisability should have no discernable effect. 
Another plausible mechanism of a basic solvent lowering the rate of reaction is through coordination 
of the catalytic proton. The species [HCl2]
-, [H2Cl3]
- and [H3Cl4]
- are well known to form when 
Brönsted acids are dissolved in chloroaluminate and chloride based ionic liquids.7,182-184 More 
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recently, it has been observed that [HCl2]
- is present as a significant species when HCl(g) dissolves in 
[bmim][N(Tf)2].
185 This suggests that when p-TSA dissolves in an ionic solution, an acidic species will 
be associated either with the conjugate base, the solvent anions, the reagents or mixtures of the 
above. The relative prevalence of each association will depend on the concentration and relative 






















Scheme 6.4: Protons in ionic media 
 
In the same manner, a “free” proton in molecular solvents will be associated, to some degree, with 
its conjugate base and/or the solvent and/or the reagents.  The concentration of the conjugate base 
is constant across the series of solvents under investigation, as are the reagents, so the proton 
affinity of the solvent must be responsible for any differences in the availability of the solvated 
proton to participate in the RLS of esterification. This says nothing of the acidic species that actually 
exists in the system, which will be discussed in more detail in Section 6.3.  
Reducing the availability of protons in solution will reduce the equilibrium concentration of x and 
lower the rate. The proton affinity of a molecule can be described by its pKa or the Gibbs free energy 
change for its gas phase deprotonation (ΔGH). Crowhurst et al. have shown that, for ILs, the ΔGH of 
an anion can be correlated with the β value of the corresponding ionic liquid.35 Whilst ΔGH is a gas 
phase measurement and β is solution phase, the fact that they correlate suggests the two properties 
are related. It follows that a high basicity, or β, corresponds to a low proton availability and low rate, 
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as observed. This explains why solvent basicity has such a marked effect and why α and π* appear 
insignificant in the LSER. 
That the anion of an ionic liquid is important in determining the rate of acid catalysed reactions has 
already been demonstrated by Hardacre et al. 186 They observed the rate of zeolite catalysed Friedel-
Craft reactions in ILs. In [C4C1im][N(Tf)2], H[N(Tf)2]was shown to form in situ, by protons leaching 
from the zeolite, presumably by cation exchange. In [C4C1im][BF4] and [C4C1im][OTf], either too little 
acid leached from the zeolite, or the acid that did was more strongly coordinated by the more basic 
solvent. In either case, the anions with higher proton affinity, higher β, prevented the reaction. 
Given the relatively high concentrations of acid and alcohol used, self association of the species as a 
mechanism of accelerating or decelerating the reaction, cannot be ruled out. To test this, the k2 of 
esterification was determined in toluene at 10× dilution (0.1 M). Toluene was chosen as it has the 
lowest values of α, β and π* and as such should interact least strongly with substrates, therefore 
promoting self association most strongly. At 0.1 M concentration of each reagent, a rate constant of 
81.3 × 10-4 M-1min-1 was observed, or 73% of the 1.0 M rate constant. Self association does provide a 
modest acceleration of rate, presumably by some autocatalysis mechanism. A more basic solvent 
may reduce the degree of self association and thus decelerate the reaction, as observed.  A relatively 
small change in rate upon a 10× dilution suggests this is far from a strong enough effect to account 
for the wide range of rates observed between solvents (40×).  
6.1.7. Conclusions 
In conclusion, the second order rate constant (k2) for the Brønsted acid catalysed esterification of 
methoxy acetic acid with benzyl alcohol in a range of solvents has been determined directly using 1H 
NMR spectroscopy and the integrated second order rate law (Equation 6.4). It has been shown that 
the β value of the solvent is the dominant parameter in the LSER for the ln k2 of esterification.  
Therefore, solvent basicity determines esterification rate and the best rates are achieved in low 
basicity solvents. This can be rationalized in terms of the solvent’s relative affinity for a proton 
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determining the availability of the acid catalyst to participate in the RLS of AAC2. Thus, a low basicity 
solvent, as shown by its β value, should be chosen to optimize the esterification rate, provided that 
the reagent solubility can be maintained. 
Furthermore, Jiang et al., have demonstrated  that the equilibrium esterification conversion was 
significantly higher in hydrophobic [PF6]
- based ILs than in hydrophilic [BF4]
- based ILs.101 This is 
consistent with the hydrogen bond  basicity (β) of an ionic liquid, controlled by the anion, 
determining water miscibility, with a high β value corresponding to high water miscibility.87 It follows 
that a low β, low basicity, solvent will not only yield a higher reaction rate, but a greater equilibrium 




6.2. Lewis Acid Catalysed Kinetics 
6.2.1. Selection of appropriate Lewis Acid 
In principle, Lewis acids can catalyse esterification by an analogous mechanism to the AAC2 operating 
with Brønsted acids (Scheme 6.5). In reality, however, the majority of Lewis acids are water sensitive 
and, as they are deactivated by water produced in the reaction, are impractical esterification 
catalysts. Scandium Triflate (Sc(OTf)3) has been shown to be water stable and an effective 
esterification catalyst.76 Furthermore, Moller et al. have shown that in the ring opening 
polymerisation (ROP) of lactides, a comparable mechanism to esterification, the activity of Sc(OTf)3 
as a catalyst is enhanced by the addition of base as solvent or co-catalyst.82 If this is a general effect, 
Sc(OTf)3  catalysed esterification should exhibit the opposite solvent dependence to using a Brønsted 























Scheme 6.5: Lewis acid catalysed esterification mechanism 
6.2.2. Generation of rate constants 
So as to be comparable with Brønsted acid catalysed esterification, the rate constants for Lewis acid 
catalysed esterification were determined in the same manner as in Section 6.1.2, using the same 
reaction and conditions, shown in Scheme 6.6. Sc(OTf)3  is not soluble in acetonitrile, so this solvent 










50 0C  
Scheme 6.6: Model esterification between methoxy acetic acid and benzyl alcohol (Lewis acid) 
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6.2.3. Rate of esterification in each solvent 
The result of Equation 6.4 is shown against time in Figure 6.10 – Figure 6.15. A rate constant, k2, for 
Lewis acid catalysed esterification in each solvent was determined by measuring the gradient of the 
line in each case. Three rate constants were generated per solvent, the mean of these and the 
standard deviation, σ, are summarised in Table 6.6, along with Kamlet Taft parameters for the 
relevant solvents.  
 
Figure 6.10: IRE against time for Lewis acid catalysed esterification in toluene 
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Figure 6.11: IRE against time for Lewis acid catalysed esterification in THF 
 
Figure 6.12: IRE against time for Lewis acid catalysed esterification in [C4C1im][N(Tf)2] 
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Figure 6.13: IRE against time for Lewis acid catalysed esterification in [C4C1im][OTf] 
 
Figure 6.14: IRE against time for Lewis acid catalysed esterification in [C4C1C1im][N(Tf)2] 
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Figure 6.15: IRE against time for Lewis acid catalysed esterification in [C4C1py][N(Tf)2] 
 
Table 6.6: Rate constants and standard deviations for Lewis acid catalysed esterification 
Solvent α β π * 
k2  (M
-1min-1)  × 
104 σ × 104 
Toluene 0.00 0.09 0.56 161 9.4 
THF 0.00 0.58 0.62 17.9 1.3 
[C4C1im][N(Tf)2] 0.60 0.21 1.01 123 4.0 
[C4C1im][OTf] 0.60 0.51 1.03 10.3 0.50 
[C4C1C1im][N(Tf)2] 0.38 0.28 1.03 115 19.2 
[C4C1py][N(Tf)2] 0.41 0.26 0.97 136 8.0 
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6.2.4. Correlation of rates with solvent properties 
In the same manner as in Section 6.1.5 the natural log of the rate constant of Lewis acid catalysed 
esterification, ln k2, can be correlated with the three Kamlet Taft parameters using multivariate 
regression analysis to fit Equation 5.6 and generate values for the three coefficients a, b and s. 
When all three Kamlet Taft parameters are correlated with ln k2, the regression output is shown in 
Table 6.7. The p-values associated with the coefficients a and s are 0.286 and 0.290 respectively, 
suggesting neither α nor π* are statistically significant in the correlation. 








Intercept -5.80 1.95 0.0974 -14.2 2.61 
α -3.57 (a) 2.47 0.286 -14.2 7.07 
β -6.09 (b) 1.21 0.0372 -11.3 -0.889 
π* 4.44 (s) 3.11 0.290 -8.93 17.8 
Repeating the analysis without π*, the parameter shown to have the least significance, yields the 
regression output in Table 6.8. Removal of π* makes the correlation in β stronger, but α is still not 
shown to be significant by the p-value associated with the coefficient a. 








Intercept -3.10 0.594 0.0137 -4.99 -1.21 
α -0.240 (a) 0.954 0.818 -3.28 2.80 




A final regression analysis with just β included yields the recession output shown in Table 6.9. In this 
case, the intercept and coefficient b are shown to be statistically significant by their p-values. This 
suggests that β, solvent basicity, is again the only significant solvent parameter in determining Lewis 
acid catalysed esterification rate. This relationship between ln k2 and β is shown in Figure 6.16, with 
95% confidence limits shown by error bars, and is discussed in Section 6.2.5.  Whilst it is still a 
relatively good correlation, it is clearly poorer than the case for Brønsted acid catalysed 
esterification. 








Intercept -3.18 0.443 1.99 × 10-3 -4.41 -1.94 
β -5.92 (b) 1.22 8.33 × 10-3 -9.31 -2.53 
 
 



























The results obtained clearly show second order kinetics, or a bimolecular rate limiting step, so it is 
assumed that  a mechanism analogous to  acid catalysed, acyl oxygen cleavage, bimolecular (AAC2) 
shown in Scheme 6.5 is exhibited under the conditions explored. 
Similarly to Brønsted acid catalysis, the kinetics of reaction do not appear to show any significant 
dependence on α or π*, acidity or dipolarity. Again basicity, β, is the only measured solvent property 
to have an effect on reaction rate. As with Brønsted acid catalysis, the Lewis acid catalysed 
esterification rate exhibits a negative dependence on solvent basicity. This is perhaps surprising 
given the opposite observation, that base enhances reaction rate, made by Moller et al.82  and 
suggests that their observation is specific to the ROP of lactide system and, perhaps, more closely 
related reactions. 
Clearly an analogous argument of solvent coordination of the acid catalyst can be made equally well 
to explain the effect of basicity in the case of Lewis acid. However, it is less clear why the correlation 
with β should be much poorer in the case of Sc(OTf)3 . One potential explanation is that the Kamlet 
Taft dyes measure solvent-solute hydrogen bonding interactions. The solvated protons on the dye 
and an acidic proton in solution are relatively similar species in terms of size, charge and electronic 
structure. Consequently, the strength of the dye-solvent interaction measured in different solvents 
is likely to be in excellent agreement with the strength of interaction between solvent and an acid 
catalyst. In other words, the solvatochromic dyes area good model for predicting solvent interaction 
with a proton.  In contrast, the metal centre of a Lewis acid such as Sc(OTf)3 has a different charge 
(+3) to a proton, is considerably larger, and any interactions with it will involve different atomic 
orbitals (empty 3d). As such, whilst dye-solvent interactions may be related to Sc(OTf)3-solute 
interactions, the relative strengths of those interactions in different solvents are less likely to be in 
perfect agreement. In other words the solvatochromic dyes are likely to be a poorer model for 
















Similar Less Similar  
Scheme 6.7: Solvent solute interactions with dyes, a Brønsted acid and a Lewis acid 
It is interesting to note that the main flaw in the correlation shown in Figure 6.16 arises from the 
relative rates of esterification in [C4C1im][OTf] and THF. In [C4C1im][OTf] esterification is significantly 
slower than would be predicted whereas in THF, Sc(OTf)3  catalysed esterification is significantly 
faster than Brønsted acid catalysed esterification. This may be an indication of the weakness of 
Kamlet Taft parameters in predicting interactions between solvents and metal centres. Scandium 
has a formal +3 charge in Sc(OTf)3  and, whatever the respective β values might predict, may well 
interact more strongly with negatively charged  –OTF than with neutral THF.  
It is well known that anions coordinate to Lewis acidic metal centres in ionic liquids. Indeed, some of 
the first reported room temperature ionic liquids were made from [C4C1im]Cl and AlCl3. It is 
therefore feasible to propose that similar interactions could exist, perhaps in equilibrium, with less 
strongly coordinating anions than chloride or even molecular solvents, see Scheme 6.8.  These 
interactions may well not perfectly correlate with hydrogen bond acidity, as measured by β. 
AlCl3 + [C4C1im]Cl [C4C1im][AlCl4]
Sc(OTf)3 + [C4C1im][OTf] [C4C1im][Sc(OTf)4]
Sc(OTf)3 + O O Sc(OTf)3
 




In other words, a measure of the strength of solvent coordination to a metal centre may correlate 
better with the observed rates of Lewis acid catalysed esterification than hydrogen bond basicity. 
This hypothesis could be tested by measuring Kamlet Taft parameters, or their equivalent, using 
solvatochromic metal complexes. These might be expected to be better models for solvent 
interactions with a metal Lewis acid. Work to this effect, using copper complexes, is ongoing in the 
Welton Group. 
A comparison between the rates of esterification, as catalysed by Brønsted and Lewis acid, is shown 
in Figure 6.17. The Lewis acid exhibits faster reactions in all cases, as might be expected. There is, 
however, very little difference between the rates in [C1C4][OTf], suggesting the Lewis acid is strongly 
deactivated in this solvent.  
 
Figure 6.17: Comparison of Lewis and Brønsted acid catalysed esterification rates 
The Friedel-Crafts alkylation of alkenes, catalysed by metal triflates proceeds in [C1C4][N(Tf)2] and 
[C1C4][SbF6] but not [C1C4][OTf] or [C1C4][BF4].
187 During the benzoylation of anisole, promoted by 
metal triflates in[C1C4][N(Tf)2], it has been suggested by Hardacre that when metal triflates dissolve 
in ILs a Brønsted acid is formed in situ by ligand exchange with benzoic anhydride.188,189 The acidic 



























other words, the catalytic species is actually HN(Tf)2 or HOTf shown in Scheme 6.9, with the former 
in much higher concentration. This theory is used to explain why the reaction does not proceed in 





















Scheme 6.9: Bistriflimidic acid [HN(Tf)2] and triflic acid [HOTf] 
It is conceivable that similar liberation of an acidic proton occurs in the case of Sc(OTf)3  catalysed 
esterification, with the actual catalytic species being a Brønsted acid of the anion of the IL. This 
neatly explains why the rate of Sc(OTf)3  catalysed esterification is so similar to that of p-TSA in 
[C1C4][OTf]. In each case, the catalytic species is a proton associated to a certain degree with the 
anion, or anions, of the IL.  
If a similar catalyst dissociation occurs in [C1C4][N(Tf)2], as would be predicted by Hardacre’s 
benzoylation results, then the rate of esterification with Sc(OTf)3  and p-TSA should also be very 
similar. This is not observed, Sc(OTf)3 catalysed esterification is significantly faster than p-TSA in 
[C1C4][N(Tf)2].  One possible explanation for this is that the dissociation of Sc(OTf)3 to liberate free 
protons occurs in [C1C4][OTf] but to a lesser extent or not at all in [C1C4][N(Tf)2]. Why this should be is 
not clear. Another explanation is that, regardless of their classical acidities, HN(Tf)2 is a significantly 
better esterification catalyst than either p-TSA or HOTf. Finally, it may be that the activity of water in 
[C1C4][N(Tf)2] is significantly higher than in [C1C4][OTf]. This higher activity could actually mean that 
Sc(OTf)3 is more fully hydrolysed in [C1C4][N(Tf)2], leading to up to three times the [H
+] than might be 
expected, whereas in [C1C4][OTf]  is it in fact less dissociated. 
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 This final possibility seems unlikely, given that it relies on Sc(OTf)3  being inactive in and of itself. An 
attempt to differentiate between these explanations is discussed further in Section 6.3. What is 
certain is that using β as a measure of solvent basicity to understand solvent coordination to, or 
even reaction with, a metal centre, is not a perfect model.       
6.2.6. Conclusions 
In conclusion, the second order rate constant (k2) for the Lewis acid catalysed esterification of 
methoxy acetic acid with benzyl alcohol in a range of solvents has been determined directly using 1H 
NMR spectroscopy and the integrated second order rate law (Equation 6.4). It has been shown that 
the β value of the solvent is the dominant parameter in the LSER for the ln k2 of esterification.  
Therefore, solvent basicity determines esterification rate and the best rates are achieved in low 
basicity solvents. This can be rationalized in terms of the solvent’s basicity, determining the 
availability of the acid catalyst to participate in the RLS of AAC2. The exact nature of this acid catalyst 
is less clear. 
The correlation of Lewis acid catalysed rates with solvent basicity is not as strong as that for 
Brønsted acid catalysed reactions. This is may be because the solvatochromic dyes used to measure 
basicity constitute a poorer model for coordination to a metal centre than coordination of a proton. 
It may also be that, in some or all ILs, liberated HOTf or HN(Tf)2 is actually the catalytic species and 
that solvation of this Brønsted acid is the cause of the rate dependence on solvent basicity.  
In either case, it is clear that even with a Lewis acid catalyst, a low basicity solvent, as described by 
its β value, should still be chosen to optimize esterification rate. Given that use of Sc(OTf)3 appears 
only to provide a modest rate enhancement over p-TSA in ionic liquids, exhibits broadly the same 
rate dependence on solvent  basicity and is significantly more expensive, it is not expected that using 




6.3. Different acidic catalysts 
The observation that the solvent basicity appears to determine reaction rates of acid catalysed 
esterification limits the application of basic solvents in esterification.  Solvent coordination of the 
acid catalyst was proposed to explain this observation. This would suggest that solvent basicity is 
actually the dominant factor in determining the acidity of a system, regardless of the source of H+, 
provided that its concentration is constant.  
To test this hypothesis, and explore if stronger acids could be used to enhance esterification rate, 
the same reaction as in the Brønsted and Lewis acid catalysed studies, shown in Scheme 6.10, was 
observed using two very different Brønsted acid catalysts.  Second order rate constants were 
determined with Equation 6.4, in the now familiar method. [C4C1im][N(Tf)2] was chosen as the 
solvent as this had exhibited reasonable reaction rates with the standard p-TSA catalyst and was 










50 0C  
Scheme 6.10: Model esterification used to probe different acid catalsyts 
6.3.1. Super acid catalysed esterification 
The first acid chosen for investigation was the super-acid, defined as an acid stronger than 100% 
sulphuric acid, HN(Tf)2. If this exhibits similar rates to that of Sc(OTf)3  then this would be good 
evidence for the in situ dissociation of the Lewis acid to make HN(Tf)2. If, on the other hand, the rate 
is more similar to that of p-TSA catalysed esterification, this would suggest that Sc(OTf)3 is not 
dissociated in [C4C1im][N(Tf)2] and would constitute evidence for solvent levelling of acidity in ILs. 
The kinetic results of HN(Tf)2 catalysed esterification in [C4C1im][N(Tf)2] is shown in Figure 6.18 and 




Figure 6.18: IRE against time for HN(Tf)2 catalysed esterification in [C4C1im][N(Tf)2] 
6.3.2. Hydrogen bonding acid  
As mentioned in Section 5.3.1 Funatomi et al. have demonstrated pentafluorophenylammonium 
triflate (PFPAT), shown in Scheme 6.11, to be an excellent catalyst for esterification.42  PFPAT 
exhibited significantly higher rates of reaction than those achieved using p-TSA in toluene. This 
observation suggests that, in the case of toluene at least, solvent basicity alone does not determine 
the rate of reaction when using different acids. Whether this is observed in an IL is an important 
question. The kinetic results of PFPAT catalysed esterification in [C4C1im][N(Tf)2] is shown in Figure 













Scheme 6.11: Pentafluoroammonium triflate (PFPAT) 
y = 0.00529x + 0.0263
R² = 0.994
y = 0.00598x + 0.0174
R² = 0.998


































Figure 6.19: IRE against time for PFPAT catalysed esterification in [C4C1im][N(Tf)2] 
6.3.3. Comparison of different acids 
Comparing the rate constants obtained in [C4C1im][N(Tf)2] with each catalyst, shown in Table 6.10, it 
is clear that the Brønsted acidic species all have approximately equal values for k2, with Sc(OTf)3 
exhibiting significantly higher reaction rates. For comparison, the rate constants for p-TSA and 
Sc(OTf)3 obtained in [C4C1im][OTf] are shown in Table 6.11; there is very little difference between 
them. This suggests that, whilst Sc(OTf)3  may dissociate in [C4C1im][OTf] to form a Brønsted acid, the 
significant enhancement in rate upon using Sc(OTf)3  appears to rule out in situ formation of HN(Tf)2 
in  [C4C1im][N(Tf)2], discounting non-stoichiometric evolution of protons.  
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Table 6.10: Comparison of esterification rates with different catalysts in [C4C1im][N(Tf)2] 
Acid Catalyst (1 mol%) k2 (M
-1min-1) × 104 σ × 104 
p-TSA 52.9 4.0 
HN(Tf)2 50.8 10.2 
PFPAT 49.9 6.6 
Sc(OTf)3   123 4.0 
 
Table 6.11: Comparison of esterification rates with different catalysts in [C4C1][OTf] 
Acid Catalyst (1 mol%) k2 (M
-1min-1) × 104 σ × 104 
p-TSA 8.60 0.70 
Sc(OTf)3   10.3 0.50 
Furthermore, in ILs, it appears that the rate of esterification is likely to be the same whatever the 
source of proton. Essentially, the acidic proton is completely dissociated from the conjugate base 
when in ionic solution; in other words, all the acids tested are strong acids in ILs. According to 
Funatomi’s result, this is not the case in toluene. Hallett et al. have observed that ILs effectively 
dissociate ion pairs.38 An acid can reasonably be considered an ion pair and, as such, the similarity 
between the acid catalysts is consistent with the published behaviour of ILs, supporting the idea of 
solvent levelling of the acid in this system. 
What the actual acidic species is in solution is less clear. Given that the rate limiting step of the 
reaction involves a protonation of one of the reagents, it is reasonable to assume that acidic protons 
will be associated with one or both reagents. Their presence and concentration are constant across 
the solvent series so, their association cannot explain the solvent effect, however. In other words, 
the acidic species in solution may more closely resemble one of those shown in Scheme 6.12 and it is 
the solvation of this species that causes the solvent effect. Further investigation into the nature of 










Scheme 6.12: Possible acidic species in solution 
Whilst acid catalysed reactions tell us something about the behaviour of acids in solution, they are a 
blunt tool for determining absolute acidities because they are necessarily carried out with several 
reactive and strongly associating species present. Gilbert’s Group have made measurements of 
acidity using UV spectroscopy which suggests that HN(Tf)2 is more acidic in [C1C4im][BF4] than in  
[C1C4im][N(Tf)2].
190 This is opposite to what is indicated by results in this report. The [C1C4im][BF4] 
and [C1C4im][N(Tf)2] have β values of 0.38
35 and 0.21 respectively suggesting that the less basic 
[C1C4im][N(Tf)2] should exhibit higher acidity. A direct comparison cannot be made as [BF4]
- ILs are 
not stable in the presence of water, which is produced during the reaction. It is speculated that this 
discrepancy is due to the equilibrium shown in Scheme 6.13, and that the acidity measured is not a 
true acidity of HN(Tf)2 in the IL, but rather that of BF3. 
[BF4] 
-
+ H+ HF + BF3  
Scheme 6.13: Equilibrium between [BF4]
-
 and BF3 in presence of acid 
Zhao et al. have observed that catalytic quantities of Brønsted acidic ionic liquids, without any other 
solvent, promoted the esterification of aliphatic acids with methanol.191 The ILs in question exhibited 
significantly different activities depending on their anion. Zhao correlated this with calculated 
Hammett acidities of each IL in solution and found that more basic anions led to weaker acidities. 
Xing et al. observed a similar anion dependent trend in Hammett acidities of pyridinium based 
Brønsted acidic ILs192 as did Duan et al..193 Although based on Brønsted acidic ionic liquids, these 
observations are in agreement with results reported here, suggesting that the solvent basicity 





In conclusion, the second order rate constant (k2) for the esterification of methoxy acetic acid with 
benzyl alcohol catalysed by very different sources of H+ in [C1C4im][N(Tf)2] has been determined 
directly using 1H NMR spectroscopy and the integrated second order rate law (Equation 6.4). The 
major factor determining rate, and by association acidity of the acid in solution, is still solvent 
basicity, with the classical strength of Brønsted acid irrelevant. 
This is further evidence for the solvent levelling of acidity in ILs and is in good agreement with most 
published trends of acidity in ILs. It is clear that using stronger Brønsted acids is unlikely to offer 
significant rate enhancements over p-TSA.  
Comparison between Sc(OTf)3 and p-TSA catalysed esterification rates in [C1C4im][N(Tf)2] and 
[C1C4im][OTf] creates a complex picture. It appears that the dissociation of Sc(OTf)3  to liberate H
+ 
may well occur in [C1C4im][OTf] but not in [C1C4im][N(Tf)2]. This is in contrast to literature 
observations and suggests that the dissociation of Sc(OTf)3 is a system specific phenomenon, not yet 





- to determine the fundamental solvent properties required for fast transesterification with a 
variety of catalysts 
- to determine if ionic liquids can, in the case of transesterification, be considered classical 
solvents as described by their Kamlet Taft polarity descriptors 
- to inform future choices of solvent and catalyst for the synthesis of highly functional 
polyesters 
Outcomes: 
- acid catalysed transesterification exhibits similar solvent dependence to esterification, but 
lower reaction rates and is unlikely to be a useful alternative 
- Novozym 435 offers significant rate enhancement over a Brønsted acid in most solvents, but 
appears to be slowly denatured in [C4C1im][OTf] 
- base catalysed transesterification is fastest in dipolar solvents and ILs in particular. Provided 





Figure 7.17: Correlation between ln TOF and π* for base catalysed transesterification  

















7.1. Acid catalysed transesterification 
7.1.1. Selection of model transesterification 
Having elucidated the solvent effects on different acid catalysed esterification reactions, the next 
logical step was considered to be Brønsted acid catalysed transesterification. By changing the 
reactants but keeping the catalyst the same, it should be possible to differentiate between solvent 
coordination of the catalyst and reagents. If the transesterification rate observed in different 
solvents follows a similar trend to that of esterification, this would be strong evidence for a common 
solvent coordination of the acid. 
If, on the other hand, a different solvent effect is observed upon changing reactants, this would 
suggest that coordination of the reactants is a more important phenomena than speculated thus far. 
Perhaps more importantly, it would also mean rapid reaction rates could be accessed in a wider 
range of solvents. To this end, the reaction shown in Scheme 7.1 was selected as a model 
transesterification. By changing as little as possible between the two systems, it was hoped that any 
fundamental differences that exist between the interaction of solvents with transesterification and 












Scheme 7.1: Model Brønsted acid catalysed transesterification 
Transesterification is typically less efficient, as measured by E-factor, than esterification because the 
methyl esters normally used in a transesterification must first be made from the corresponding acid 
– adding an extra synthetic step. As such, transesterification would have to offer significant 




7.1.2. Generation of rate constants 
Second order rate constants for transesterification were determined with Equation 6.4, in the now 
familiar method. The result of this integrated rate equation is shown against time for each solvent in 
Figure 7.1 - Figure 7.4, the gradient of the line being k2 in each case. The values of k2 in each solvent 
are shown in Table 7.1, along with standard deviations, and Kamlet Taft parameters for each solvent. 
As an initial study, rates were only measured in four solvents - two molecular, two ionic – to 
determine if this approach is likely to offer benefit. 
 
Figure 7.1: IRE against time for Brønsted acid catalysed transesterification in toluene 
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y = 0.000802x - 0.00425
R² = 0.999




































Figure 7.2: IRE against time for Brønsted acid catalysed transesterification in acetonitrile 
 
Figure 7.3: IRE against time for Brønsted acid catalysed transesterification in [C4C1im][N(Tf)2] 
y = 0.000188x - 0.000440
R² = 0.999
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Figure 7.4: IRE against time for Brønsted acid catalysed transesterification in [C4C1im][OTf] 
 
Table 7.1: Rate constants of Brønsted acid catalysed transesterification and Kamlet Taft Parameters for each solvent 
Solvent α β π * 
k2 (M
-1min-1) × 
104 σ × 104 
Toluene 0.00 0.09 0.56 8.33 0.54 
Acetonitrile 0.36 0.39 0.82 1.93 0.057* 
[C1C4im][N(Tf)2] 0.60 0.21 1.01 4.82 0.025 
[C1C4im][OTf] 0.60 0.51 1.03 1.10 0.030* 
* only two repeat experiments carried out 
7.1.3. Correlation with polarity measurements 
Whilst too few solvents have been tested for a full LSER, ln k2 has a strong correlation with a 
solvent’s β value, as shown in Figure 7.5. The equivalent values for esterification are included for 
comparison. Whilst the effect of solvent basicity may be of a lesser magnitude than in the case of 
esterification, the same general trend is clearly observed. Obtaining the same trend in two acid 
catalysed reactions with different reagents is strong evidence for coordination of the acid catalyst 
y = 0.000107x + 0.00436
R² = 0.994
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being the cause of the recorded solvent effect. Transesterification also appears to be significantly 
slower than esterification in each solvent, whilst it performs poorer in terms of E-factor. As such, 
Brønsted acid catalysed transesterification is unlikely to offer significant advantages over 
esterification. 
 
Figure 7.5: Relationship between β and ln k2 for Brønsted acid catalysed transesterification and esterification 
7.1.4. Conclusions 
In conclusion, the second order rate constant (k2) for the Brønsted acid catalysed transesterification  
of methyl methoxy acetate with benzyl alcohol in a range of solvents has been determined using 1H 
NMR spectroscopy and the integrated second order rate law (Equation 6.4). It has been shown that 
the solvent basicity is the dominant parameter in determining transesterification rate and the best 
rates are achieved in low basicity solvents. This is further evidence for solvent coordination of the 
acid catalyst being the most important solvent-solute interaction in the system.  
Furthermore, given the slower rates, similar solvent dependence and higher E-factor, Brønsted acid 
catalysed transesterification is not considered a useful alternative to esterification. Further 
investigation was not undertaken.  
y = -4.85x - 6.64
R² = 0.999


















7.2. Enzyme catalysed transesterification 
7.2.1. Selection of enzyme and system 
Clearly, in order to access decent rates of reaction in basic solvents, a different type of catalyst will 
be required. Enzymes are amongst the most heavily studied catalysts for esterification and 
transesterification in ILs, as discussed in Section 5.5.4, and in molecular solvents.106  The most 
common enzyme used is Candida antarctica lipase B (CAL-B). This is available immobilised on a 
polymer support, known as Novozym 435. In this form, CALB-B has been shown to be extremely 
thermo- and solvo-stable and exhibits excellent regio- and stereo-selectivity. 
It appears that solvent basicity may be important in terms of enzyme stability. However, with 
somewhat contradictory literature reports, it is not yet clear what degree of solvent basicity the 
enzyme can tolerate or, in the case of ILs, what the effect of solvent is when enzyme stability is 
maintained.  
Whilst it appears likely that highly basic, hydrophilic ILs will denature lipases, there may be scope for 
the application of moderately basic ILs, especially if highly pure ILs without halide contaminant can 
be achieved. To this end, the same reaction as reported in Section 7.1, shown again in Scheme 7.2, 
was screened in a variety of solvents. Novozym 435, at approximately 10 wt%, was selected as the 












Scheme 7.2: Model lipase catalysed transesterification 
7.2.2. Screening of reaction rates 
The % conversion was recorded in several solvents after 30 minutes of reaction and is shown in 
Table 7.2. Upon initial inspection, there does not appear to be too great a difference between most 
of the solvents. The conversion is significantly lower in [C4C1im][OTf] but, in contrast to previous 
reports,126 activity is still observed. For comparison, the equivalent reaction catalysed by p-TSA was 
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at approximately 1% conversion after 30 minutes in the fastest solvent, toluene, and much less in 
the others. Clearly, under these conditions, Novozym 435 offers much quicker rates of reaction than 
p-TSA. 
Table 7.2: Conversion at 30 minutes in various solvents for lipase catalysed transesterification 







7.2.3. Attempted kinetic modelling 
This initial result seemed promising but, with equilibrium becoming a significant factor at around 
40% in most solvents, any difference in activity between solvents may be attenuated to a degree. In 
order to explore the effect of solvent on the rate of reaction, more detailed kinetic analysis of 
transesterification is required.  
The kinetics of CAL-B catalysed transesterification would be expected to follow the rate law 
expressed in Equation 7.1.124 This suggests that the rate should trend to an upper limit, of νmax, at 
high reactant concentrations. It should be possible to fit observed rates to this equation. 
Equation 7.1: Michaelis Menten rate equation for CAL-B catalysed transesterification 
  
                    
                                                    
 
 
Where Km corresponds to the binding constant of each reactant 
However, more detailed examination of Novozym 435 catalysed esterification suggested that 
product and substrate inhibition must be taken into account.194 This leads to more complicated rate 
equations, the best fit being demonstrated by the model shown in Equation 7.2. This indicates that 
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alcohol inhibition is significant but product inhibition and mass transfer into the polymer beads are 
not important. Whilst transesterification might be expected to follow a similar mechanism, other 
reports of lipase catalysed reactions have required up to 13 parameters to fit. What is certain is that 
complex reaction kinetics will be observed and that much richer rate data will be required to 
elucidate the correct model. 
Equation 7.2: Michelis Menten rate equation for CAL-B catalysed esterification with alcohol inhibition 
  
    
       
       
   
         
          
   
         
         
   
 
Where Ki corresponds to the inhibition constant of alcohol 
To this end, a new method for following reaction progress was sought. Somewhat fortunately, the 
Williams Group had just purchased a ReactIR system capable of measuring in situ IR spectra between 
2000 and 400 cm-1. Using this, many more measurements could be taken, without removing 
aliquots. As such, instantaneous rates, essential for full and accurate fitting of complex kinetic 
models, could be measured. Most enzyme kinetic studies have been carried out using initial rates; 
these too should be more accurately determined using in situ IR measurements. 
The IR spectrum of methyl methoxyacetate and benzyl methoxyacetate, reactant and product of the 
model transesterification shown in Scheme 7.2, were not fully distinguishable in toluene solution. 
Exchanging the methyl ester for vinyl acetate, as shown in Scheme 7.3, allowed the reactant to be 
distinguished from product and conversion assessed throughout the reaction. A sample of the IR 
spectra collected throughout a typical reaction are shown in Figure 7.6; these spectra are shown 



















Figure 7.6: a) IR spectrum for Novozym 435 catalysed transesterification at different times; b) Spectrum enlarged between 
1280 and 1080 cm
-1













Figure 7.7: IR Absorption against time between 1800 and 1560 cm
-1
 for Novozym 435 catalysed transesterification 
Vinyl esters are significantly more active than methyl esters so the reaction temperature could be 
reduced to ambient. Given the huge variation in room temperature in the lab, often exceeding 25 °C, 
the reaction was carried out at 30°C to ensure consistency.  Using a vinyl ester has the extra 
advantage that the condensate, vinyl alcohol, tautomerises to acetaldehyde. This is a gas at 30°C so 
should evaporate from the reaction mixture – preventing the back reaction and ensuring complete 
conversion to the benzyl ester.  
This reaction was carried out in a range of solvents and conversion was measured across 
approximately three half lives (to 87 %), as shown in Figure 7.8. In molecular solvents, the stronger 
C-O stretch absorption at 1140 cm-1 could be used to follow vinyl acetate consumption. In ILs, a large 
solvent band in that region rendered the absorption in that area unreliable, even after background 
subtraction, so the vinyl stretch at 1650 cm-1 was used instead. This absorption was significantly 







Figure 7.8: Conversion of Novozym 435 catalysed transesterification in different solvents 
This is a similar trend to that observed using the methyl ester, with toluene showing the highest 
activity and a small range of activities upon changing solvent. Encouragingly, instantaneous rates, 
calculated from the change in vinyl acetate concentration, could be fitted well with Equation 7.2, as 
































νmax = 0.00487 Kalcohol = 1.45 Kester = 0.953 Ki alcohol = 1.41 
Figure 7.9: Experimental and predicted rate for Novozym 435 catalysed transesterification in toluene 
Little can be concluded from the values of the Michaelis-Menten constants obtained from the fit 
shown in Figure 7.9. A rate law with four parameters requires much more than a single experiment 
to fit – different starting concentrations of each reactant would need to be explored. Before 
embarking on this, the progress of the [C1C4im][OTf] reaction was examined more carefully. Upon 
close inspection, the reaction in [C1C4im][OTf] initially appears to proceed at a similar rate to other 
solvents before decelerating more dramatically. It was speculated that this was evidence for a 
degree of denaturation of the enzyme during the reaction. To test this, Novozym 435 was left in 
[C1C4im][OTf] overnight before repeating the reaction. Very little activity was observed and 
denaturation is likely to have taken place. It appears that the maximum basicity Novozym 435 can 
tolerate in an ionic liquid is somewhere between [C1C4im][OTf] and [C1C4im][N(Tf)2], essentially 
ruling out all basic ILs. Interestingly, Novozym 435 is perfectively active in THF, which has a higher 

























With this in mind, the kinetics of lipase catalysed reactions is already well documented, as is the use 
of lipases in [C1C4im][N(Tf)2]. The purpose of examining the kinetics in different ionic liquids was to 
properly explore their effect on the reaction, so with a significant portion of the IL range now ruled 
out, this study was abandoned. 
7.2.4. Conclusions 
In conclusion, the rate of lipase catalysed transesterification of methyl methoxy acetate with benzyl 
alcohol in a range of ionic and molecular solvents has been demonstrated to be significantly higher 
than when using a Brønsted acid catalyst. Furthermore, in molecular solvents, the influence of 
solvent basicity appears to be significantly weaker when using a lipase catalyst, with decent rates of 
reaction observed in acetonitrile and THF. Basic ILs, such as [C1C4im][OTf], appear to slowly denature 
the lipase. Whilst activity is initially observed in such cases, this is not maintained. Reports in the 
literature suggest that anions more basic than [BF4]
-, with a β higher than 0.4, are likely to denature 
lipase. 
As such, lipase catalysis is not considered a suitable method for accessing good rates in basic ILs and 





7.3. Base catalysed transesterification 
7.3.1. Selection of base catalyst 
Having demonstrated that solvent basicity governed acid catalysed esterification rate and that basic 
ILs denatured lipase - both solvent effects on catalysts - it was reasoned that base catalysed 
transesterification may offer a route to high reaction rates in basic ILs. Given that basic solvents have 
been shown to coordinate and thereby deactivate acid catalysts, solvent acidity might be expected 
to affect base catalysts in a similar manner. 
Following the ease with which transesterification was followed using in situ ATR-IR measurements in 
the lipase study, Section 7.2.3, the same reaction was selected to study base catalysis. The use of 
vinyl esters, which are much more active than their methyl analogues, allowed for a much wider 
choice of base catalyst. Whilst strong inorganic bases and NHCs are known to promote fast 
transesterification of methyl esters54 these are generally very water sensitive. Organic bases, whilst 
less active, tend to be easier to handle. Three common non-nucleophilic organic bases used as 
transesterification catalysts are 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 1,4-








Scheme 7.4: Common organic bases 
All show good activity in the transesterification of vinyl esters but of the three, DBU is a liquid at 
room temperature and the most readily soluble in a range of solvents, so was chosen as the catalyst 
for the reaction shown in Scheme 7.5. Time on the ReactIR system was limited so 10 mol% of 
catalyst were used to ensure short reaction times. Higher temperatures were not used because of 
















Scheme 7.5: DBU catalysed transesterification 
7.3.2. Generation of rate constants in molecular solvents 
The most common mechanism of base catalysed transesterification is shown in Scheme 7.6, with the 
rate limiting step being attack by the alkoxide on the ester.181 There is some doubt as to whether an 
organic base, such as DBU, might fully deprotonate the alcohol. A comparison of the pKa values of 
protonated DBU and common alcohols in DMSO suggests that the alkoxides are approximately 17 
orders of magnitude more basic than DBU.195 In such a case a hydrogen bonded adduct of base and 
alcohol is likely to take the place of the alkoxide in the mechanism. In either case, second order 
kinetics would be expected to be observed. Conversions, this time determined by in situ ATR-IR, 
were interrogated using Equation 6.4 in the familiar method for six molecular solvents.  
In THF and acetonitrile, the reaction followed second order kinetics, as described in Equation 6.4 
beyond 80% conversion, as shown in Figure 7.11 and Figure 7.12. In toluene, 2nd order kinetics were 
only followed up to 50% conversion, shown in Figure 7.10. In ether, DCM and chloroform reaction 
progress only fitted 2nd order kinetics up to 20%. The best fit was actually observed fitting conversion 
to a simple first order in benzyl alcohol model, plotting ln[benzyl alcohol] against time, as shown in 
Figure 7.13, Figure 7.14 and Figure 7.15. In no case was reaction progress found to fit perfectly to a 
linear 1st or 2nd order plot up to three half lives (87% conversion).  The variable kinetics and poor fits, 
particularly in the case of DCM, suggest that a more complicated mechanism is being followed, at 
least in some cases.  
Fitting instantaneous rates to several catalyst binding models proved impossible because the rate 
data at high conversion, where the reaction appears to depart from simple order kinetics, was too 
imprecise. With the limitations of the measurement and analysis in mind, rudimentary best fit, 

















Scheme 7.6: Base catalysed transesterification mechanism 
 
Figure 7.10: IRE against time for base catalysed transesterification in toluene 
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Figure 7.11: IRE against time for base catalysed transesterification in MeCN 
 
Figure 7.12: IRE against time for base catalysed transesterification in THF 
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Figure 7.13: ln[benzyl alcohol] against time for base catalysed transesterification in diethyl ether 
 
Figure 7.14: ln[benzyl alcohol] against time for base catalysed transesterification in chloroform 
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Figure 7.15: ln[benzyl alcohol] against time for base catalysed transesterification in DCM 
Table 7.3: Best fit rate constants of base catalysed transesterification in molecular solvents 
Solvent α β π * kn (M
-1min-1) × 104 σ × 104 
Toluene 0.00 0.09 0.56 103 (n=2) 8.94 
Acetonitrile 0.36 0.39 0.82 814 (n=2) 54.8 
THF 0.00 0.58 0.62 212 (n=2) 18.9 
Diethyl ether 0.00 0.47 0.24 38.8 (n=1) 7.46 
Chloroform 0.00 0.00 0.74 57.3 (n=1) 1.53 
DCM 0.07 0.00 0.77 92.6 (n=1) 4.23 
 
The variation in the ether measurements is particularly disappointing. Given this and the apparent 
variable kinetic fit, little should be concluded from the absolute values of the rate constants 
reported. At first glance, however, rate does appear to be enhanced by a high π*, with the fastest 
reaction observed in acetonitrile and slowest in ether. The values for the chlorinated solvents do not 
fit well with this analysis however. To delineate potentially hidden effects of α and β a rigorous LSER, 
with more data points would be require. Particularly given that four of the six solvents have an α of 
0. This will be discussed further in Section 7.3.6. 
y = -0.00973x - 0.290
R² = 0.992
y = -0.00891x - 0.0101
R² = 0.994


























It is worth noting here that the rate constants obtained for transesterification in all solvents at 30 °C, 
are significantly higher than were obtained in the same solvents for acid catalysed esterification at 
50 °C, albeit at higher catalyst loading. 
7.3.3. Base catalysed transesterification in imidazolium based ionic liquids 
Having generated rate constants in four molecular solvents, the intention was to measure rates in 
ILs. Initial reactions in [C1C4im][N(Tf)2] using the same conditions as in Section 7.3.2,  were complete 
within seconds – too fast to follow adequately using the ReactIR system. Even when the catalyst 
loading was cut to just 1 mol% the reaction was complete within minutes.  
This constituted a massive rate enhancement over the same reaction in each of the molecular 
solvents. To explore if this effect was common to all ILs, a phenomenon specific to [C1C4im][N(Tf)2] or 
caused by a hitherto unidentified impurity present that may be present,  the same reaction was 
attempted in [C1C4im][OTf]. A similar rate of reaction was observed. Conspicuously, the vinyl acetate 
appeared to be totally consumed in the reaction, even when it should have been in slight excess. 
This observation was confirmed by several additions of extra vinyl acetate to the reaction mixture, 
shown in Figure 7.16.  
 
























of vinyl acetate 
addition of DBU 
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Starting from an approximately equimolar mixture of benzyl alcohol and vinyl acetate, all the vinyl 
acetate was consumed long after the benzyl alcohol must have been used up. This suggested that 
vinyl acetate was participating in a second pathway, yet no reaction was observed in the absence of 
either DBU or the alcohol; all three species had to be present. A 1H NMR spectrum of the product 
mixture was taken. Unidentified resonances, not associated with the IL, reactants or expected 
products, were observed; their integrals and multiplicities are shown in Table 7.4. In addition, the C-
2 proton of the [C1C4im]
+ cation was depleted with respect to the related resonances, all of which 
were significantly more complicated than in the pure IL, suggesting multiple imidazolium species.  
Table 7.4: 
1
H NMR data for unknown species in [C1C4im]
+
 based ILs during base catalysed transesterification 
δ (ppm) Relative Integral Multiplicity J (Hz) 
6.05 1 q 7.1 
2.14 3 s - 
1.78 3 d 7.2 
5.40 1 q 7.1 




Scheme 7.7: Possible motifs present in [C1C4im]
+
 based ILs during base catalysed transesterification 
The unusually deshielded quartets and corresponding doublets suggest two species containing one 
of the motifs shown in Scheme 7.7, the singlet at 2.14 ppm probably corresponding to a methyl 
group elsewhere in the molecule. Positive ESI MS showed unidentified ions at 225 and 183 m/z, both 
likely to be charged in and of themselves as neutral species typically do not show up in ESI MS when 





A recent report, by Pignataro et al.,  of NHC catalysed transesterification on vinyl acetate 
demonstrated unusual reaction mechanisms involving similar species, shown in Scheme 7.9.196  
These were formed by the reaction of the carbene with acetaldehyde followed by subsequent 
reaction with more vinyl acetate. NHC’s are usually made using a strong base, such as an alkoxide, to 



















m/z = 183 m/z = 182 m/z = 225 m/z = 224
 
Scheme 7.9: Species formed during carbene catalysed transesterification of vinyl acetate 
The 1H NMRs and MS of these species would closely resemble those observed in this study. It is 
therefore speculated that some carbene is generated in situ by deprotonation of the [C1C4im]
+ 
cation, presumably by DBU. Once some acetaldehyde is generated, by the transesterification of 
benzyl alcohol with vinyl acetate, this reacts with the carbene to form 1, as shown in Scheme 7.10. 
This explains why benzyl alcohol has to be present in the reaction mixture to begin with. 
 1 can go on to react with vinyl acetate, creating 2 and an enolate. Pignataro et al. mostly observed 
neutral species analogous to 4 and 5 because in their system there was no ready source of protons 
with which to form acetaldehyde. Consequently a proton had to be abstracted from 2 or 3. In the ILs, 
if DBU is indeed generating carbene from [C1C4im]
+, a nominal DBU-H+ species must also be made. 
This should readily protonate the enolate to form acetaldehyde and thus set up a cycle which can 
consume vinyl acetate. This cycle can continue so long as there is available carbene, regardless of 
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benzyl alcohol concentration, explaining the consumption of the vinyl acetate long after benzyl 














































Scheme 7.10: Potential mechanism for the consumption of vinyl acetate in [C1C4im]
+
 based ILs 
The production of species 2 and 3 as a side reaction to transesterification in [C1C4im]
+ based ILs is in 
good agreement with all spectral evidence and with similar reactions in the literature. What is less 
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clear is why carbene appears to form in the presence of DBU, classically considered a much weaker 
base compared to a carbene, with an estimated pKb of 2 compared to approximately -10 for 
common carbenes.195  
A molecule’s pKb varies dramatically depending on the solvent it is measured in, so it may be that in 
the ILs studied DBU is a much stronger base than would be expected. However, if carbene were truly 
formed in the presence of DBU, it might be expected to react with vinyl acetate to initiate the cycle 
shown in Scheme 7.10. This does not happen, benzyl alcohol is required to start the reaction so 
perhaps some intermediate species, between imidazolium and carbene is formed. 
 Calculations of the gas phase proton affinity of DBU and imidazolium cations were carried out using 
mass spectrum ratios of a mix of product ions.197 These affinities suggest that from a gas phase 1:1 
mixture of DBU and [C1C4im]
+, the resulting ratio of NHC to [C1C4im]
+ would be roughly 1:4. In the 
transesterification reaction [C1C4im]
+ is part of the solvent so is huge excess with a molar ratio of 
DBU to [C1C4im]
+ of approximately 1:800. Under these conditions, greater than 99% of the DBU 
would be expected to be protonated and generate NHC. This is consistent with the apparent 
enhancement of DBUs basicity as compared to its pKb. 
Gas phase proton affinities are not always replicated in solution. This is in part because changes in 
charge during protonation induce solvent reorganisation and thus incur an energy cost. It may be 
that in ionic solution, solvent reorganisation upon protonation is negligible. 
7.3.4. Generation of rate constants in pyrrolidinium based ionic liquids 
Initial reactions, shown in Scheme 7.6, were carried out in each of [C1C4py][OTf] and [C1C4py][N(Tf)2], 
using DBU at 1 mol% as the catalyst. Even with the catalyst at a tenth of the concentration used in 
molecular solvents, the reaction proceeded at similar rates in [C1C4py][N(Tf)2] and significantly faster 
in [C1C4py][OTf]. No side reactions were apparent by 
1H NMR. This suggested that whilst the side 
reactions were associated with acidic proton of the imidazolium ring, at least some of the enhanced 
reactivity observed is common to other ILs. 
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Frustratingly, the conversions obtained at different time intervals did not fit at all with simple second 
order kinetic model, as described by Equation 6.4, nor first order in benzyl alcohol, as would be 
expected if deprotonation of the alcohol had become the rate limiting step. First order in vinyl 
acetate and second order in benzyl alcohol or vinyl acetate were also poor models. 
More sophisticated reaction profile analysis could not be carried out as the instantaneous rates 
generated from concurrent ATR-IR measurements proved even less precise than in molecular 
sovlents. This may be because the weaker vinyl stretch had to be monitored in ILs. It may also 
suggest that, as the ATR-IR probe only measures within the first micron of solution, diffusion to the 
surface of the probe is a significant factor in the observed rate in ILs. Nevertheless, the significant 
rate enhancement observed in ionic liquids is an intriguing result. 
7.3.5. Generation of rate constants in DMSO 
To recap, some evidence for the rate of base catalysed transesterification being enhanced in dipolar 
solvents, as described by π*, was discussed in Section 7.3.2. Furthermore, a larger increase in rate 
and a mechanism change was observed in [C4C1py] 
+ based ionic liquids, solvents with even higher 
π*. To explore if this effect on rate and mechanism can be well described purely by a solvent’s π*, 
the reaction, shown in Scheme 7.6, was carried out in DMSO – a solvent with a π* similar to ionic 
liquids. DBU was used at 10 mol% as the catalyst, in common with other molecular solvents. 
Under these conditions, the reaction proceeded at a similar rate to that in acetonitrile but, in 
common with ILs, no kinetic model could be made to fit to the reaction progress. 
7.3.6. Correlation of rates with solvent properties 
The inability to consistently model base catalysed transesterification kinetics in a range of solvents 
and generate rate constants limits the comparison that can be made between solvents to qualitative 
statements of rate.  In an attempt to address this, turn over frequencies (TOF) as described by 
Equation 7.3 were determined for each solvent and are shown in Table 7.5. A direct comparison of 
TOFs between two mechanisms requires the assumption that change of mechanism has little effect 
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on the conversion at a given time. Whilst this clearly cannot be completely accurate, a relatively 
short time of 10 minutes was chosen to minimise the error introduced by this assumption. 
Equation 7.3: Calculation of turnover frequency (TOF) 
             
                         
               
 
Table 7.5: Turn over frequencies for base catalysed transesterification in each solvent 
Solvent α β π * TOF (mins-1) σ ln TOF 
Toluene 0.00 0.09 0.56 0.210 0.0275 -0.156 
Acetonitrile 0.36 0.39 0.82 0.763 0.119 -0.271 
THF 0.00 0.58 0.62 0.315 0.0751 -0.116 
Diethyl ether 0.00 0.47 0.24 0.0849 0.0404 -2.46 
Chloroform 0.00 0.00 0.74 0.128 0.0189 -1.56 
DCM 0.07 0.00 0.77 0.210 0.0708 -2.06 
DMSO 0.00 0.76 1.00 0.637 0.0214 -0.451 
[C4C1py][N(Tf)2]   0.41 0.26 0.97 5.33 0.354 1.67 
[C4C1py][OTf] 0.40 0.46 1.02 8.10 0.924 2.09 
Multivariate regression analysis was use to correlate the natural logs of the calculated TOFs with the 
three Kamlet Taft Parameters using Equation 5.6 in the same manner as in Section 6.1.5. When all 
three Kamlet Taft parameters are correlated with ln TOF the regression output is shown in Table 7.6. 






Table 7.6: Regression output for base catalysed transesterification LSER with α, β and π* 
 
Coefficients Standard Error P-value Lower 95% Upper 95% 
Intercept -3.56 0.796 0.00657 -5.60 -1.51 
α 5.30 1.48 0.0160 1.49 9.11 
β 1.14 0.865 0.243 -1.08 3.37 
π* 2.41 1.14 0.0879 -0.518 5.34 
Carrying out the same analysis without β yields the regression output shown in Table 7.7. In this 
case, the correlation is much improved with only the p-value for coefficient a (0.0161) lower than 
the 0.05 maximum. This translates to a 98.4 % confidence that α is significant in the correlation. 
However, closer inspection of the range of α values reveals that only three solvents have a large α 
value. These happen to be [C4C1py] [N(Tf)2],  [C4C1py] [OTf] and acetonitrile, the three solvents with 
the highest rate.  These three also happen to be three of the four solvents with the highest π* so it is 
difficult to tell if it is their dipolarity, acidity or both which leads to a high rate. The range of π* 
values tested is much better and correlates with rates observed across the whole range of solvents. 
As such, confidence in the effect of dipolarity is higher. This is borne out by the reasonable 
correlation upon fitting just π* in Equation 5.6, as shown in Table 7.8. 
Table 7.7: Regression output for base catalysed transesterification LSER with α and π* 
 
Coefficients Standard Error P-value Lower 95% Upper 95% 
Intercept -3.31 0.821 0.00683 -5.32 -1.30 
α 5.20 1.57 0.0161 1.36 9.05 




Table 7.8: Regression output for base catalysed transesterification with just π* 
 
Coefficients Standard Error P-value Lower 95% Upper 95% 
Intercept -4.35 1.182 0.00784 -7.15 -1.56 
π* 4.96 1.50 0.0132 1.40 8.51 
A plot of ln TOF against π* is shown, with 95% confidence limits, in Figure 7.17. It is a poor 
correlation, but there is a clear trend of high rates in dipolar solvents. Given the variability in some 
of the results, the imperfect nature of TOFs as a measure of rates, the apparent mixed mechanisms 
observed and limited range of α values, it is impossible to know if the correlation would be improved 
by better measurements or if other solvent effects are being masked by poor results.  
Certainly, a solvent acidity effect cannot be ruled out. To establish one, a wider range of α values 
would be required, ideally including a solvent with low π* and high α. Imidazole based ILs with high 
α are ruled out by unhelpful side reactions, see Section 7.3.3. Alcohols would be the obvious 
molecular solvents to choose but these would also interfere with the reaction. Chloroform and DCM 
were chosen to resolve this issue, as with some dye sets they exhibit significant α values. This proved 
not to be the case with the dye set used. 
 

















It is important to note that the TOF observed in DMSO and the two ILs are over two orders of 
magnitude different when they have the same π* value. Either the difference in solvent acidity must 
account for this disparity or some “ionic liquid effect”, which holds ILs qualitatively different from 
molecular solvents, must be postulated.  It is not clear from the correlation which of these two 
explanations is more likely.  
7.3.7. Explanation 
That dipolarity, and potentially acidity, would have such a profound and positive effect on base 
catalysed transesterification rates was unexpected. The work on acid catalysed esterification in 
Chapter 6 suggested that catalyst coordination would be the dominant factor and thus, solvent 
acidity was expected to hinder the reaction, not accelerate it.  
In a base catalysed reaction, solvent basicity might be expected to contribute to the activity of the 
catalyst but no β effect is observed. Forsyth et al. have demonstrated that base catalysed acetylation 
of glucose with acetic anhydride proceeds more quickly in dicyanimide (dca) based ionic liquids than 
in molecular solvents.138 Having observed similar rates without addition of base, they ascribed a 
catalytic role to the (dca)- anion. This was supported by the fact that no reaction was observed in 
[C1C4im][N(Tf)2]. In this study, no activity was observed without addition of base and no β effect 
observed. [C4C1py] [dca] is a solid and cannot be made halide free so a direct comparison could not 
be made. Nevertheless, taken together, these results suggest that an IL is either basic enough to 
catalyse a transesterification reaction on its own or, if not, the basicity is unimportant – all or 
nothing. 
 The apparent acceleration in acidic solvents is the most puzzling effect. The rate limiting step (RLS) 
expected, for the reactions following second order kinetics at least, is shown in Scheme 7.11. An 
acidic solvent would be expected to preferentially stabilise the alkoxide, increasing the activation 












Scheme 7.11: Rate limiting step of second order base catalysed transesterification 
Gholap et al. have demonstrated the acetylation of alcohols with acetic anhydride – a related 
reaction - promoted in ILs by ultrasound irradiation without catalyst.139 They suggested that a Lewis 
acidic interaction between the C-2 proton of the imidazolium ring and the anhydride is catalysing the 
reaction. They also observed that the reaction proceeded quicker in the more basic ILs and ascribe 
this to increasing the Lewis acidity of the C-2 proton. The only evidence they provide for this 
hypothesis is the deshielded nature of the C-2 1H NMR resonance in basic ILs. Whilst it is hard to 
dispute that the C-2 proton of basic ILs is deshielded in a 1H NMR, the only possible mechanism for 
this would be coordination by the anion and, as such, is not irrefutable evidence of greater acidity. 
Indeed, as demonstrated in Section 6.1, it seems likely that coordination by an anion would render a 
catalytic proton less available to participate in the reaction. Nevertheless, this does offer a potential 
explanation of how solvent acidity might accelerate the transesterification. Gholap’s study, however, 
was conducted without catalyst. Why greater acidity does not instead deactivate the base catalyst in 
this study is unclear. 
 Considering the RLS in terms of dipolarity, the activated complex constitutes a dispersion of charge. 
Consequently, a dipolar solvent would be expected to preferentially stabilise the reacting alkoxide 
and slow the reaction. Again, this is the opposite of what was observed. Deprotonation of the 
alcohol to make the alkoxide, however, involves the creation of charge. It is possible that a dipolar 
solvent increases the equilibrium concentration of the alkoxide and thus increasing the rate. This is, 
in effect, solvent dipolarity enhancing the basicity of the DBU catalyst. This also allows for an 
explanation of the difference between DMSO and the ILs. Hallett et al. have recently provided 
evidence that ILs are particularly effective at dissociating ion pairs.38 Whilst an alcohol cannot be 
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considered an ion pair, the adduct between an organic base and an alcohol, shown in Scheme 7.12 
could be. In which case, it may be that in ILs this ion pair is separated in ILs, and the alkoxide 









Scheme 7.12: Potential ion pair formed using base catalysed transesterification 
Of course, without knowing the exact mechanism followed it is hard to be certain of this kind of 
effect. It may be that a very different mechanism is followed which interacts with solvents very 
differently. However, the idea that dipolarity, and in particular ionic solvation, enhances basicity is 
consistent with the observation that DBU appears to remove the C-2 proton of the imidazolium 
based ILs when its pKa, estimated in DMSO, suggests that it should not. It is also consistent with the 
observed increased nucleophilicity of amines in ILs.198 
An explanation why such inconsistent and complex kinetics are observed could arise from the nature 
of DBU, which is a matter of debate. Normally considered a non-nucleophilic base, there is some 
evidence to suggest that DBU can act as a strong nucleophile in some cases.199 In which case, 
nucleophilic catalysis, which is well established for catalysts such as NHCs, could constitute a 
competitive mechanism of reaction and confuse the kinetics.  
7.3.8. Conclusions 
In conclusion, the base catalysed transesterification of vinyl acetate has been explored using in situ 
ATR-IR measurements in a variety of molecular and ionic solvents. The reaction progress in each 
solvent could not consistently be made fit to a single kinetic model. Furthermore, in imidazolium 
based ionic liquids, side reactions were observed involving acetaldehyde and the IL, ruling out that 
group of solvents.  
121 
 
Comparison of rudimentary TOFs in each solvent using an LSER suggested that there is a relationship 
between reaction rate and solvent dipolarity, with faster reactions observed in dipolar solvents. 
There is also limited evidence that solvent acidity is beneficial to reaction rate too. Whilst no 
conclusive arguments could be made, dipolarity enhanced basicity provides a tentative explanation 
the enhancement in rate. 
The results presented here indicate that solvent dipolarity has a profound effect on the rate of base 
catalysed transesterification. Solvents with a high dipolarity generally exhibit faster 
transesterification and may even cause an apparent change in reaction mechanism.  
Whatever the origins of this solvent effect, it is clear that a solvent with high dipolarity should be 
chosen to optimise the rate of base catalysed transesterification of vinyl acetate. It is also likely that 
base catalysed transesterification of other esters will be optimised in similarly dipolar solvents. ILs, 
inherently dipolar in their nature, are thus excellent solvents for base catalysed transesterification. 
Whilst transesterification of vinyl esters has been demonstrated, the use of methyl esters is 
considered more preferable in terms of atom efficiency and availability of monomers. Whilst methyl 
esters typically require stronger base catalysts such as an alkoxide, the mechanism, and thus the 






- to apply the knowledge gained in the previous sections to explore the use of ILs in 
polycondensation reactions 
- to design an IL based synthesis of highly functional polyester 
Outcomes: 
- highly functional monomers of interest are most soluble in basic ILs such as [C1C4im][dca] 
and to a lesser extent [C1C4im][OTf] 
- both base catalysed transesterification and Brønsted acid catalysed esterification are 
moderately selective for primary hydroxyl groups 
- most polycondensations in ILs appear to reach an apparent equilibrium, why this should be 
is not completely clear 
- DBU catalysed polytransesterification appears not to suffer from this problem 
- despite this, DBU appears to not be selective enough for primary hydroxyl groups to provide 
a linear, functional polyester 
Key Figure: 
 


























Diol transesterification in THF
Polymerisation in THF
Diol transesterification in [C4C1im][N(Tf)2]
Polymerisation in [C4C1im][N(Tf)2] 
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8.1. Solubility of useful monomers 
8.1.1. Selection of monomers 
Whilst the effect of solvent on reactivity is an important consideration for the use of ILs in the 
synthesis of highly functional polyesters, the solubility of reagents is also important. Most studies on 
carbohydrates and their highly functional derivatives have been carried out in basic ILs such as 
[C1C4im]Cl and [C1C4im][dca].
88-90 Much of these studies are looking to maximise solubility of large 
molecules, such as starch and cellulose, for processing. It is less clear what range of ILs can dissolve 
synthetically useful quantities of small monomers. To explore what implications this will have for this 
study a rudimentary solubility study, a selection of likely monomers in a synthesis of functional 





























Glycerol 1,4-butanediolSorbitol 1,4-benzene dimethanol
Terephthalic acid L-(+)-tartaric acid Adipic acid Succinic acid
 




8.1.2. Solubility comparison 
To test the assumption that basicity will dominate the solubility, a rudimentary comparison of 
monomer solubilities was conducted in three ILs, [C1C4im][N(Tf)2], [C1C4im][OTf] and [C1C4im][dca].  It 
should be noted that whilst [C1C4im][dca] is conventionally thought of as a very basic IL and an 
excellent solvent for carbohydrates, there is no example in the literature of it being synthesised 
halide free. It is speculated that some of the extraordinary ability of dicyanimide based ILs to 
dissolve carbohydrates is caused by the presence of halide. This speculation is supported by COSMO-
RS computational predictions of flavonoid solubility using a solvent’s hydrogen bond acceptor 
descriptor (basicity) assigning pure [C1C4im][dca] a moderate value, much lower than would be 
predicted by its solvation behaviour.200 
 Despite various attempts, [C1C4im][dca] could not be synthesised halide free. The presence of halide 
is certain to affect the IL’s properties and solvation, hence its exclusion from kinetic studies in this 
work. As basicity is only likely to be enhanced by halide impurities, it was deemed worthwhile to 
include impure [C1C4im][dca] in this solubility study.  
In each IL, a small quantity of each monomer (20 gL-1) was stirred for two hours at each temperature 
before being examined by eye. The results of this, at different temperatures, are shown in Table 8.1. 
Whilst it is conceivable that dissolution will take longer than two hours, and this study is unable to 
determine absolute solubilities, a clear difference between the ILs is observed.  As expected, the 
more basic ILs dissolved each monomer much more readily than [C1C4im][N(Tf)2]. It would appear 
that the solubility of each monomer tested in ILs is dependent on the anion in the order [N(Tf)2]  < 
[OTf] < [dca], following basicity. 
This can be rationalised in terms of a more basic, coordinating, anion being more able to break up 




Table 8.1: Solubility of useful monomers in ILs 
Solute Solvent 25 °C 50 °C 100 °C 
Sorbitol [C1C4im][N(Tf)2] Insoluble Insoluble Insoluble 
[C1C4im] [OTf] Insoluble Partial
§ Soluble § 
[C1C4im][dca] Soluble   
Glycerol [C1C4im][N(Tf)2] Insoluble Insoluble Soluble
 ¥ 
[C1C4im] [OTf] Soluble   
[C1C4im][dca] Soluble   
1,4 - Benzene 
dimethanol 
[C1C4im][N(Tf)2] Insoluble Soluble
 ¥ Soluble ¥ 
[C1C4im] [OTf] Soluble   
[C1C4im][dca] Soluble   
Butanediol [C1C4im][N(Tf)2] Soluble   
[C1C4im] [OTf] Soluble   
[C1C4im][dca] Soluble   
Terephthalic acid [C1C4im][N(Tf)2] Insoluble Insoluble Insoluble 
[C1C4im] [OTf] Insoluble Insoluble Insoluble 
[C1C4im][dca] Partial Soluble
 ¥  
L-Tartaric acid [C1C4im][N(Tf)2] Insoluble Insoluble Insoluble 
[C1C4im] [OTf] Soluble   
[C1C4im][dca] Soluble   
Adipic acid [C1C4im][N(Tf)2] Insoluble Partial
¥ Soluble ¥ 
[C1C4im] [OTf] Soluble   
[C1C4im][dca] Soluble   
Succinic acid [C1C4im][N(Tf)2] Insoluble Partial
¥ Partial¥ 
[C1C4im] [OTf] Soluble   
[C1C4im][dca] Soluble   
¥ = dropped out upon cooling 
§ = stayed soluble upon cooling 
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8.1.3. Solubility limitations 
That a basic IL is required to dissolve likely monomers in a functional polyester synthesis is a severe 
limitation given that, as shown in Section 6.1, basic ILs slow acid esterification reactions and, as seen 
in Section 7.2, denature enzymes.  
Nevertheless, acid catalysed polyesterification is likely to be the most efficient route to highly 
functionalised polyesters in terms of waste – simply generating water and involving the fewest 
synthetic steps. If this route is to be pursued, a compromise between reaction rate and monomer 
solubility will need to be reached. Alternatively, if a fast reaction is more important, some atom 
efficiency can be sacrificed and base catalysed transesterification can be employed. 
In the latter case, the choice of starting ester will also affect the efficiency of the synthesis. Activated 
esters, such as vinyl esters, are less efficient to make than simple methyl esters and generate more 




8.2. Selectivity for primary hydroxyl groups of key reactions 
8.2.1. Necessity of selectivity 
Another key factor in the design of a highly functional polyester synthesis is regio-selectivity. To 
produce polymers, a polycondensation must proceed to high conversion (> 90%). Under these 
conditions, monomers with extra functional groups, such as polyols and hydroxyl acids, will cause 
the polymer chain to branch and cross-link as these groups react. Not only does this affect the 
polymer’s properties, but it consumes the functionality. Functionality can be introduced to a 
polyester using protecting groups,63-65 but these introduce extra synthetic steps and make the 
synthesis less efficient. If polyols are to be incorporated into a polyester chain without significant 
branching or cross-linking, and without protecting groups, the reaction used will have to 
demonstrate selectivity for primary hydroxyl groups over secondary. 
Lipases are widely used as primary hydroxyl selective esterification catalysts, although Gross’ work 
suggests that the stereochemistry of adjacent sites is also important in determining reactivity of 
different hydroxyl groups.72 Amongst molecular catalysts, bulky NHCs have been shown to be 
selective for primary hydroxyl groups201 and Sc(OTf)3 was used by Takasu et al. to promote low 
temperature polyesterification of functional monomers, without additional solvent,  under kinetic 
control favouring primary hydroxyl groups.76 This limits the reactants to those liquid at the reaction 
temperature (50 – 80 °C).  
The authors suggest that the selectivity is simply a function of the different nucleophilicity of primary 
and secondary alcohols, which is apparent at low temperatures. This effect is normally masked by 
the high temperatures (> 250 °C) used in conventional polyester synthesis. With two inductive 
groups, a secondary aliphatic alcohol might be expected to be more nucleophilic than a primary, so 
an alternative explanation is that this is a steric effect. Whilst the selectivity was not quantified in 
this study, no gelation was observed during the polymerisation, good evidence that secondary 
hydroxyls at least react more slowly. 
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 This result offers promise because it suggests a general effect, rather than one specific to a catalyst. 
Sc(OTf)3 is expensive and may dissociate to form a Brønsted acid in solution. Furthermore, 
reasonable rates of esterification have been demonstrated in ILs at low temperatures (50 °C) using a 
Brønsted acid. If kinetic selectivity can be demonstrated under these conditions, this could offer a 
viable route to functional polyesters, even when the monomers are solid at reaction temperature. 
The other reactions with potential for the synthesis of functional polyesters are lipase and base 
catalysed transesterification. The selectivity of these will also be established.   
8.2.2. Brønsted acid selectivity 
The simplest comparison to be made between primary and secondary hydroxyl reactivity would be 
to study the esterification of 1-phenylethanol under the same conditions as the kinetic study in 













Scheme 8.2: Brønsted acid catalysed esterification of 1-phenylethanol and methoxy acetic acid 
Unfortunately, the secondary carbocation that can be formed by the dehydration of 1-phenylethanol 
is significantly more stable than the primary carbocation corresponding to benzyl alcohol. 
Consequently, the reaction gave a mixture of products with a significant quantity of ether and 










Scheme 8.3: Side products of Brønsted acid catalysed esterification of 1-phenylethanol 
An electron withdrawing group would minimise formation of the ether by destabilising the 
carbocation. Both the primary and secondary alcohol, substituted with a trifluoromethyl group in the 
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4- position, shown in Scheme 8.4 and Scheme 8.5 are commercially available. Trial reactions of both 


























Scheme 8.5: Brønsted acid catalysed esterification of 4-trifluoromethylbenzyl alcohol and methoxy acetic acid 
Each reaction was carried out in triplicate in [C1C4im][N(Tf)2] and monitored by 
1H NMR. The product 
of Equation 6.4 is shown, versus time, for the secondary and primary alcohols in Figure 8.1 and 
Figure 8.2. The rate constants generated from these plots are shown in Table 8.2. 
 
Figure 8.1: IRE against time for Brønsted acid catalysed esterification of 1-(4-trifluoromethylphenyl) ethanol (secondary 
alcohol) in [C4C1im][N(Tf)2] 
 
y = 0.000263x + 0.00800
R² = 0.998
y = 0.000253x + 0.00777
R² = 0.997
































Figure 8.2: IRE against time for Brønsted acid catalysed esterification of 4-trifluoromethylbenzyl alcohol (primary alcohol) 
in [C4C1im][N(Tf)2] 
Table 8.2: Second order rate constants for Brønsted acid catalysed esterification of primary and secondary alcohols 
Alcohol k2 × 10
4 (M-1min-1) σ × 104 
Secondary 2.47 0.153 
Primary 25.6 1.19 
Assuming equivalent relative reactivity is observed for all primary alcohols and their secondary 
analogues, it would appear that Brønsted acid catalysed esterification is moderately selective for 
primary alcohols, with the rate of esterification approximately 10 × higher than for secondary 
alcohols, at 50 °C in the IL used. This suggests that the effect observed by Takasu may be general to 
acid catalysis, rather than specific to the expensive Sc(OTf)3 . Consequently, Brønsted acid catalysis 
may be a good route to highly functional polyesters without protecting group techniques. 
  
y = 0.00246x + 0.0775
R² = 0.991
y = 0.00269x + 0.0757
R² = 0.994
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8.2.3. Base selectivity 
A similar selectivity would need to be observed with base catalysis, if that were to be employed in a 
synthesis. A secondary alcohol is likely to be less acidic than a primary alcohol, less easily 
deprotonated, and might be expected to react more slowly. However, in molecular solvents at least, 
the rate limiting step of transesterification is believed to be attack of the alkoxide on the ester. A 
secondary alkoxide will be more nucleophilic than its primary analogue, so might actually react more 
quickly. Given that the mechanism of reaction is unknown in ILs, it is impossible to predict which 
would react more quickly. 
Unlike acids, base catalysis cannot promote dehydration of an alcohol to the ether so the simpler 1-
phenylethanol can be used as a model secondary alcohol, as shown in Scheme 8.6. As the 
mechanism was still unknown in [C1C4im][N(Tf)2], a simple comparison was made between TOFs 
observed with benzyl alcohol and 1-phenylethanol. The TOFs for each alcohol, shown in Table 8.3, 













Scheme 8.6: Base catalysed transesterification of secondary alcohol 
Table 8.3: TOFs of base catalysed transesterification for primary and secondary alcohols 
Alcohol TOF (mins-1) 
benzyl alcohol (primary) 
5.76 





8.2.4. Lipase selectivity 
Whilst base catalysed transesterification and Brønsted acid catalysed esterification do appear 
selective for primary alcohols, reacting × 6 and × 10 quicker than secondary alcohols in each case, 
respectively, this is clearly not complete selectivity. Whether this degree of selection is sufficient to 
prevent gelation during the synthesis of functional polyesters is unclear.  
For comparison, the selectivity of a Novozym 435 was established. This catalyst has been used 
extensively for the synthesis of polyesters, often under significantly higher temperatures. As an 
immobilised enzyme, the concentration of catalyst is a function of the mass of polymer beads used. 
As such a modified TOF must be used, as shown in Equation 8.1. Table 8.4 shows the calculated 













 Scheme 8.7: Novozym 435 catalysed transesterification of secondary alcohol 
Equation 8.1: Modified turnover frequency (TOF') for Novozym 435 
                     
                                   
                            
 
Table 8.4: TOF’s of Novozym 435 catalysed transesterification for primary and secondary alcohols 
Alcohol TOF’ (mins-1) 
benzyl alcohol (primary) 
1.85 
rac-1-phenylethanol (secondary) 0.500 
(R)-1-phenylethanol (secondary) 1.00 
 
Suprisingly, it appears Novozym 435 is the least selective of the catalysts explored with the primary 
alcohol reacting less than 4 × as fast as the secondary. Racemic 1-phenyl ethanol was used and 
lipases have been shown to be highly selective for the R enantiomer.72 When the concentration of 
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alcohol is adjusted for this, the TOF’ is even closer to the value of that for benzyl alcohol. This 
supports Gross’s observation that polyol stereochemistry is the dominant root of lipase’s ability to 
make linear polyesters from polyols. This suggests that, for lipases at least, selectivity is likely to be 
specific to different molecules.   
8.2.5. Conclusions 
In conclusion, base catalysed transesterification and Brønsted acid catalysed esterification have both 
been shown to be moderately selective for primary hydroxyl groups. Comparison with Novozym 435, 
a catalyst that has been used to make linear polyesters, initially suggested a better selectivity. 
However, it is likely that Novozym 435 is useful because it is selective for specific stereochemical 
combinations rather than primary hydroxyl groups, and this renders the comparison flawed. 
In either case, the moderate selectivity observed suggests that branching and cross linking during a 






8.3. Polymerisation of benzene dimethanol 
















Scheme 8.8: Polycondensation of benzene dimethanol and adipic acid, catalysed by p-TSA 
In order to begin developing a polymerisation, it was necessary to find a model reaction which could 
be followed simply. Following the success of using 1H NMR to follow mono-esterification the diol 
analogue of benzyl alcohol, benzene dimethanol, was used because the methylene protons of both 
reactant and product could be studied without removal of the IL. Brønsted acid catalysed 
esterification is the most efficient polycondensation so the readily available adipic acid was used as 
the co-reactant in a trial polymerisation, with p-TSA as the catalyst at 50 °C in vacuo, as shown in 
Scheme 8.8. Triflate based IL had to be used in order to dissolve the diol. Triflate ILs were shown in 
Section 6.1 to be poor solvents for esterification. 
Regular samples were taken and analysed by 1H NMR spectroscopy using our standard method. The 
reaction proceeded slowly, as expected; however, after 2 weeks it appeared to have reached an 
apparent equilibrium at 70% conversion of the diol. 
8.3.2. Why equilibrium? 
Why polycondensations should stop before reaching completion, whilst the condensate is 
continually removed, is not immediately clear. As will be discussed in Section 8.4.1, melt 
polycondensations are often limited by increased viscosity as degree of polymerisation (DP) 
increases. Another possibility is that the growing oligomers are less reactive than the monomer – 
retarding the reaction. It is also possible that larger molecules are not soluble in the IL, and crash out 
– preventing the reaction. There was no evidence that this was the case, although is it plausible that 
very fine precipitate might be missed. The condensate may not in fact be removed in vacuo or, 
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finally, the catalyst may be subliming from the reaction mixture, under vacuum. Again, there was no 
evidence to suggest this. These possibilities are discussed further in Section 8.4.2.  
8.4. Lactic acid polycondensation 
It was decided to explore lactic acid (LA) polycondensation. This is better understood than the 
polymer synthesis attempted in Section 8.3.1 and should make it easier to explore the effect of using 
an IL as a solvent for its synthesis. Additionally, LA was found to be soluble in [N(Tf)2] based ILs, 
which were shown to be better solvents for esterification in Section 6.1. As discussed in Section 5.4, 
polylactic acid (PLA), is an important biodegradable polymer. Normally synthesised by the ring 
opening polymerisation (ROP) of lactide, a preferable route to PLA would be direct polycondensation 
of LA. Typically conducted in the melt, polycondensation avoids use of toxic tin catalysts and 
bypasses the costly production of lactide.  
However, ROP tends to provide significantly less polydisperse polymer than polycondensation.   
Furthermore, a drawback common to all polycondensation reactions is poor molecular weight 
control. Unlike ROP, where molecular weight is determined by the initiator to monomer ratio, 
molecular weight in polycondensation reactions is a function of conversion. Typically, conversions in 
excess of 95% are required to achieve good molecular weights.  
To achieve these high conversions, the equilibrium position of the reaction must be overcome by 
removal of the condensate. Normally, this is done by application of heat and or reduced pressure. 
Both make use of solvents difficult so polycondensations are normally conducted in the melt. The 
trouble with this approach is that as degree of polymerisation (DP) increases, so does viscosity. This 
limits the molecular weight achievable. 
By using ILs, solvents to which vacuum can be applied, it was hoped that high molecular weights 
could be reached by circumventing the issue of viscosity at high conversion. It was also hoped that 
by studying a better understood system, more information could be gained about the limitations of 
polycondensation in ILs. 
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8.4.1. Melt polycondensation of LA 
In order to get meaningful information on the merits of this approach, the melt polycondensation of 
LA was carried out, in vacuo, at 50 and 100 °C, for 24 hours, catalysed by 1 mol% p-TSA, in each case, 
as shown in Scheme 8.9. The resulting oligomers were analysed by 1H NMR, GPC and ESI MS. The 
methylene 1H NMR signal was used to estimate conversions of monomer which are summarised, 







 1 mol% p-TSA
n
+ H2O
50 / 100 °C
Vacuum
 
Scheme 8.9: Melt polycondensation of lactic acid 
Table 8.5: Analysis of melt polycondensation of lactic acid 
 Mn Mw PDI Conversion % 
50 °C 436 656 1.50 78 
100 °C 1568 3754 2.39 96 
 
The molecular weight achieved at 100 °C is unlikely to be significantly improved upon at that 
temperature as the product had become a glassy solid. Increasing the temperature could lead to 
higher molecular weights but above 100 °C at reduced pressure, significant amounts of LA will start 
distil from the reaction mixture. The system could be optimised, balancing pressure and 
temperature, but the value of 1500 g mol-1 can be considered a rudimentary benchmark against 
which to compare reactions in ILs. 
It should be noted that in the 100 °C reaction, the ESI MS in Figure 8.3, shows that macrocycles 
dominate at molecular weights below 1000 gmol-1. At 50 °C no cycles were observed. The fact that 
the cyclic oligomers are all low molecular weight is indicative of a transesterification chain back-
biting mechanism being followed in competition with step growth – the reactive end of a polyester 
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bends round and attacks somewhere along the chain to form a small macrocycle and a shorter chain, 
as shown in Scheme 8.10. 
 





















Scheme 8.10: Back biting mechanism to form macrocycles 
Well established Jacobsen-Stockmeyer theory202 predicts that even at 100% conversion, only 2.5% 
cycles should exist in a polycondensation. Whilst ESI MS peak heights are not completely 
quantitative, similar species are likely to behave similarly and, as such, the relative peak heights of 
PLA rings and chains will be indicative of their relative abundance in the sample. Taking the height of 
each peak as a rough measure the 100 °C reaction has in excess of 50% cycles in the bulk. That this 
exceeds the maximum predicted value is perhaps indicative of a poor theory based on little 








C14 C15 C16 C17 
Rn = Ring with n repeat units 
Cn = Chain with n repeat units 
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viscosity increases, the polymer chains will encounter each other, and combine to increase 
molecular weight, less and less frequently thus making back biting an increasingly significant 
reaction. 
8.4.2. Polycondensation of LA in [C4C1im][N(Tf)2] 
LA was found to be readily soluble in [C1C4im][N(Tf)2], the IL with the lowest β and thus best acid  
catalysed esterification rates. These conditions were used to counteract the hypotheses that 
polycondensation rates could be limited by poor solubility or solvent effects on the rate of reaction – 
both should be eliminated in this system. The polycondensation of LA in [C1C4im][N(Tf)2] was 
attempted at 50 °C with 1 mol% p-TSA as catalyst, with vacuum applied after an initial reaction 
period of 48 hrs, as shown in Scheme 8.11. The conversion of LA, or more accurately unreacted 












Scheme 8.11: Polycondensation of lactic acid in [C1C4im][N(Tf)2] 
 


























After 4 days, the reaction appeared to be approaching a plateau around 90% conversion. A 
polycondensation would not be expected to yield high molecular weight polymer at this conversion, 
even if cyclisation was eliminated. GPC analysis proved difficult – the IL has a much higher refractive 
index (RI) than the PLA so even trace residual IL swamped the RI signal. However, ESI MS, shown in 
Figure 8.5, corroborates the expected low molecular weight and suggests the existence of significant 
amounts of macrocyclic products at low molecular weight. A partially hidden quartet at around 5 
ppm in the 1H NMR also hinted at the creation of the cyclic dimer of LA, lactide. 
 
Figure 8.5: ESI MS of 50 °C polycondensation of lactic acid in [C4C1im][N(Tf)2] 
A repeat experiment with vacuum applied throughout appeared to be approaching a plateau at 
around 80% conversion. Reduced pressure seemed to reduce the extent of reaction, suggesting that 
p-TSA was being removed from the system; however, addition of extra p-TSA did not cause extra 
reaction. When more LA was added and left to react, a similar end point appeared to be reached. 
The solution viscosity did not change appreciably, discounting this as a possible cause. The catalyst 















reactivity of the end groups of a growing chain are reduced as molecular weight increases. If marked 
enough, this effect would give the appearance of equilibrium being approached, whereas in actual 
fact, the rate of reaction is simply deteriorating. PLA is a well known polymer and no evidence for 
this reduction in reactivity could be found in the literature. Furthermore, this kind of effect would 
not be expected to be observed for the relatively short chains being made in this reaction. 
Water removal in vacuo should drive the reaction to completion yet, even if the vacuum is 
ineffectual at this, the saturation concentration of water in [C1C4im][N(Tf)2] should be low enough 
that significantly higher conversions than 80% be reached. Some water could be collected in a trap, 
but it is possible some residual water remained in the reaction mixture, which could participate in 
the reverse reaction and establish a true equilibrium. 
A final possibility is that the mobility of larger molecules is somehow retarded in ILs. There is some 
evidence to suggest that ILs are not the homogeneous liquids they appear – instead having ionic and 
apolar domains within the bulk.203-206 If growing oligomers are trapped in these apolar domains, it 
may be that they will not diffuse throughout the liquid as would be expected for a fully dissolved 
molecule – reducing reactive encounters and preventing chain growth. 
8.4.3. Effect of temperature on the polycondensation of lactic acid 
An equivalent reaction was attempted at 100 °C, to explore the effect of temperature on the 
apparent end point of the reaction. On a qualitative basis, the ESI-MS appeared to show a larger 
proportion of rings in the final product. However, consistent conversion progression was not 
observed throughout the reaction and, upon addition of a dry ice trap, lactic acid was observed 
distilling from the system – confusing the conversion calculations. At no point, however, were 
significantly higher molecular weights observed and this line of enquiry was not pursued further. 
8.4.4. Effect of concentration 
In a similar fashion, the reaction was repeated at a range of different concentrations of lactic acid – 
ranging from 0.5 M to 11.4 M. Each was reacted for one week. None of these gave appreciably 
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higher conversions, or molecular weights. However, the higher concentrations did appear to result in 
a higher proportion of cyclic products in the final mixture, although not according to a consistent 
trend. This runs contrary to the conventional theory, that rings are formed at high dilution when 
intramolecular reactions dominate.  
8.4.5. Exploring the production of cyclic products 
To explore this phenomenon further oligomeric PLA, produced by the melt polycondensation of 
lactic acid described in Section 8.4.1, was used in place of lactic acid in the standard method. After 
one week’s reaction the isolated product was lower in molecular weight and had a higher proportion 
of cyclic products, as shown by ESI-MS. Whilst imperfect extraction of the product from the IL, with 
toluene preferentially extracting low molecular weight and cyclic products, cannot be completely 
ruled out, 1H NMR of the residual IL showed only trace amounts of product. Furthermore, the idea 
that high molecular species would be preferentially soluble in ILs runs contrary to the literature 
observation that, typically, ILs are poor solvents for polymers with high molecular weight, which 
often crash out of solution. Indeed, it would be more expected if extraction preferentially removed 
high molecular weight species, thus over estimating product weight. 
This suggests that the observation is real and that polyesterification of lactic acid to high conversion, 




8.5. Divinyl adipate (DVA) polymerisations 
8.5.1. Rationale 
With solubility, catalyst loss and solvent effects on the catalyst essentially ruled out, the only 
potential causes of the apparent plateau in reaction were a failure to remove the condensate, 
allowing for a true equilibrium to be established, or some limit on the mobility of large molecules in 
ILs. To discern between these effects, true equilibrium had to be eliminated as a factor. The 
condensate of divinyl adipate (DVA) transesterification is vinyl alcohol, which tautomerises to 
acetaldehyde, thus preventing an equilibrium being established. If polycondensations of DVA fail to 
reach high conversions, equilibrium cannot be responsible and some other explanation must be 
sought. 
To provide further information about the plateau and its cause, the polymerisation of DVA was 
compared to the reaction between butanediol and vinyl acetate in an IL and THF. This second 
reaction will, at most, result in a molecule containing one butanediol moiety with an acetate group 
at each end. Thus, it should not suffer any problems caused by the mobility of large molecules – if 
such problems exist. THF was chosen because it is relatively hydrogen bond basic and therefore 
generally a good solvent for polyesters – minimising the probability that solubility would be an issue. 
Despite being the catalyst used in Section 8.4 p-TSA was not used because of concern that this could 
also promote the polymerisation of the acetaldehyde and confuse the results. p-TSA also gave very 
slow reactions in solvents classically thought of as good solvents for dissolving polymers, such as 
THF. Novozym 435 was chosen as the catalyst as it was shown in Section 7.2 to be a good catalyst for 




8.5.2. DVA polymerisation catalysed by Novozym 435 
The Novozym 435 catalysed polymerisation of DVA with butanediol in 1:1 ratio, shown in Scheme 
8.12, was followed by in situ ATR-IR measurements in [C1C4im][N(Tf)2] and THF. Under identical 
conditions, butanediol was also reacted with 2 eq. of vinyl acetate to compare poly- and mono-





































Figure 8.6: Reaction progress of enzyme catalysed polycondensation and mono-transesterification of butanediol in THF 
and [C1C4im][N(Tf)2] 
It is immediately apparent that whereas there is little difference in the reaction profile of 
polymerisation and mono-transesterification in THF, there is a marked difference in [C1C4im][N(Tf)2]. 
Whilst not conclusive, this is good evidence that there is something about the IL which slows 
polycondensation. An explanation of this could be that the movement of large molecules is hindered 
somehow, or that large molecules fold in ionic solution, in such a way as to prevent reaction. A final 
possibility is that the enzyme undergoes a marginal change in structure, limiting access of large 
molecules to the active site. This explanation, however, does not explain similar limits to the 
polyesterification reactions using acid catalysis. 
A re-examination of the literature summarised in Section 5.5.6, reveals that attempts at 
polyesterification in ILs have had extremely limited success. Indeed polymeric products have only 
been achieved once, using SnCl2 at 160 °C, and even this barely improved on an equivalent melt 
process.156 This compares to myriad successful ROPs in ILs. One fundamental difference between 
























Diol transesterification in THF
Polymerisation in THF
Diol transesterification in [C4C1im][N(Tf)2]
Polymerisation in [C4C1im][N(Tf)2] 
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by the concentration of monomer. In other words, polymerisation proceeds by a small molecule 
diffusing to a propagating end. In contrast, polycondensation requires two increasingly large 
molecules to meet and react. Whilst far from conclusive the combination of results reported here 
and in the literature does lend weight to the idea that polycondensations in ILs are limited in some 
way, perhaps by the mobility of large species.   
8.5.3. DVA polymerisation catalysed by DBU 
To corroborate this theory, the base catalysed polytransesterifcation of butanediol and DVA was 
attempted and compared with base catalysed reaction of butanediol and vinyl acetate. These are 
shown in Scheme 8.14 and Scheme 8.15. In THF this reaction was extremely slow but, as shown in 
Section 7.3.4, this kind of reaction goes much quicker in ionic liquids. The progress of these reactions 




































Figure 8.7: Reaction progress of base catalysed polycondensation and mono-transesterification of butanediol in 
[C1C4im][N(Tf)2] 
In this case, it appears that the polymerisation proceeds just as quickly up to 90%, although perhaps 
not to completion. At first glance, this appears counter intuitive – a change of catalyst has brought 
about a change of equilibrium position, which runs counter to established thermodynamic theory. 
Except that this is not a real equilibrium! In fact, this is the best proof available that an equilibrium 
does not exist in the previous experiment. This is further evidence that the plateau observed in 
previous reactions is caused by a mobility problem. 
One explanation of this effect is that in the mechanism of base catalysed transesterification, the 
alcohol end group becomes negatively charged; and therefore much more mobile in ionic solution. 
This circumvents the issues of diffusion of large molecules postulated in the previous section. This 
assertion is straying into the realm of conjecture but what is clear is that base catalysed 
polycondensation appears to behave differently to enzyme catalysis and that the polymerisation 




























8.5.4. Polymerisation of glycerol  
To recap, base catalysed transesterification proceeds rapidly in [C4C1py] based ILs. By selecting basic 
anions such as dicyanimide, or to a lesser extent triflate, polyols such as sorbitol or glycerol can be 
dissolved. Base catalysed transesterification has been shown to be modestly selective for primary 
hydroxyl groups – potentially allowing linear polyesters to be made from polyols without the use of 
protecting groups. Finally, base catalysed polytransesterification has been shown to proceed to the 
high conversion to make polymers of decent molecular weight. In essence, this offers us a potential 
route to novel, highly functional polymers – the ultimate aim of this project. 
The DBU catalysed polytransesterification of glycerol with DVA was attempted in [C4C1py] [OTf] at 
room temperature, as shown in Scheme 8.16, to provide proof of concept. Within seconds of adding 
the DBU, the whole mixture had gelled suggesting a significant number of the secondary hydroxyls 
were also reacting. This means that despite DBU appearing moderately selective for primary 
hydroxyl groups in model reactions, it is not selective enough to provide a linear polyester from 

















Scheme 8.16: DBU catalysed polytransesterification of glycerol and DVA in [C4C1py][OTf] 
 
It may be that more careful selection of base may provide a little more selectivity, but at this stage it 
was decided that this approach is unlikely to deliver the simple route to linear, functional polyesters 





In conclusion, ILs such as [C1C4im][dca], and to a lesser extent [C1C4im][OTf], have been shown to be 
effective solvents for dissolving highly functional monomers of interest. Both base catalysed 
transesterification and Brønsted acid catalysed esterification have been shown to be moderately 
selective for primary hydroxyl groups. 
Frustratingly, acid and enzyme polycondensations in ILs appear to reach a plateau between 70 and 
90% conversion, limiting the molecular weight that can be achieved. Having eliminated most 
probable causes of this effect, it is speculated that this is caused by the limited mobility of large 
molecules in ILs. Therefore, this is likely to be general for most, if not all, ILs. These results would 
need to be replicated for a number of systems for any certainty to be achieved.  
Initial observations suggest that DBU (base) catalysed polytransesterification appears not to suffer 
from this problem, however, and it was hoped that this would provide a route to linear functional 
polyester. Unfortunately, DBU appears to not be selective enough for primary hydroxyl groups, with 




9. Experimental Section 
Reagents were purchased from Aldrich or other common suppliers. 
9.1. Synthesis of Ionic Liquids 
Unless otherwise stated solvents and reagents were freshly distilled and dried using standard 
procedures. Toluene and diethyl ether were dried over Na/benzophenone ketyl. CH3CN, DCM and 
EtOAc were dried over CaH2. 1-chlorobutane (b.p. 75 °C) was dried over P2O5 and 1-methylimidazole 
(b.p.vac 35 °C) was dried over KOH and distilled under reduced pressure. Unless otherwise stated in 
vacuo  should be taken to mean under vacuum on a schlenk line (<0.1 mmHg). 





Figure 9.1: Structure of [C1C4im]Cl 
 
A flask containing 1-methylimidazole (120 mL, 1.50 mols) and EtOAc (100 mL) was cooled in an ice 
bath and 1-chlorobutane (200 mL, 1.92 mols) was added drop-wise under N2. The solution was 
allowed to reach room temperature and then heated at 45 °C with stirring for 14 days. The two 
phase mixture was placed in the freezer for 2 days and the EtOAc was carefully decanted from the 
solid white product which was washed with EtOAc (3 × 30 mL), then dried in vacuo for 1 hr. The 
powdery white crystals were washed again with EtOAc (3 × 30 mL) and dried in vacuo for 7 hrs, 
affording [C1C4im]Cl as a completely white, crystalline solid (120 g,0.69 mol, 46%). 
δH: (400 MHz, DMSO-d
6) / ppm 9.47 (1H, s, N2CH), 7.86 (1H, s, NCH), 7.78 (1H, s, NCH), 4.19 (2H, t, 
3J 
= 7.1 Hz, NCH2(CH2)2CH3), 3.87 (3H, s, NCH3), 1.76 (2H, quintet, 
3J = 7.3 Hz, NCH2CH2CH2CH3), 1.25 
(2H, sextet, 3J = 7.1 Hz, NCH2C2CH2CH3), and 0.89 (3H, t, 
3J = 7.3 Hz, N(CH2)3CH3). 
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δC: (68 MHz, DMSO-d
6) / ppm 136.76 (s, N2CH), 123.42 and 122.20 (s, 2NCH), 48.20 (s, 
NCH2(CH2)2CH3), 35.57 (s, NCH3), 31.33 (s, NCH2CH2CH2CH3), 18.63 (s, NCH2C2CH2CH3), and 13.25 (s, 
N(CH2)3CH3).  
m/z (FAB+): 313 ([[C1C4im]2Cl]
+ 22%), and 139 ([C1C4im]
+, 100%) 
m/z (FAB-): 188 ([matrix + Cl]-)  
Elemental Analysis (predicted): %C = 55.14 (55.01), %H = 8.74 (8.66) and %N = 15.72 (16.04)  







Figure 9.2: Structure of [C1C4im][OTf] 
DCM (200 mL) was added under N2 to a flask containing [C1C4im]Cl (20.9 g, 0.120 mol) and NaOTf 
(18.7 g, 0.120 mol). The mixture was stirred for 48 hrs and the colourless precipitate was allowed to 
settle. Cannula filtration and washing of the NaCl residue with DCM (3 × 50 mL) resulted in a 
colourless free flowing liquid. This was dried in vacuo for 2 hrs and stirred with activated charcoal for 
2 days before filtering through a short bed of silica. The product was dissolved in DCM (250 mL) and 
washed with small quantities of water (16 × 3 mL) until water washings appeared chloride free by 
the silver nitrate test. The DCM was removed and product dried in vacuo for 8 hours at 80 °C 
affording [C1C4im][OTf] (25.3 g, 0.088 mol, 74%) as a free flowing colourless liquid. 
δH: (400 MHz, DMSO-d
6) / ppm 9.09 (1H, s, N2CH), 7.76 (1H, s, NCH), 7.69 (1H, s, NCH), 4.15 (2H, t, 
3J 
= 7.2 Hz, NCH2(CH2)2CH3), 3.84 (3H, s, NCH3), 1.76 (2H, quintet, 
3J = 7.4 Hz, NCH2CH2CH2CH3), 1.26 
(2H, sextet, 3J = 7.4 Hz, NCH2C2CH2CH3), and 0.90 (3H, t, 
3J = 7.4 Hz, N(CH2)3CH3). 
δC: (400 MHz, DMSO-d
6) / ppm 136.48 (s, N2CH), 123.62 and 122.27 (s, 2NCH), 120.73 (q, 1J13C-19F = 
321.8Hz, [OSO2CF3]
-), 48.48 (s, NCH2(CH2)2CH3), 35.74 (s, NCH3), 31.33 (s, NCH2CH2CH2CH3), 18.75 (s, 
NCH2C2CH2CH3), and 13.25 (s, N(CH2)3CH3). 
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m/z (ESI+): 427 ([[C1C4im]2[OTf]]
+ 15%), and 139 ([C1C4im]
+, 100%) 
m/z (ESI-): 437 ([[C1C4im][OTf]2]
- 20%),  149 ([OTf]-, 100%) 
Elemental Analysis: %C = 37.57 (37.50), %H = 5.25 (5.24) and %N = 9.90 (9.72)  
9.1.3. Synthesis of [C1C4im][dca] 
NN
N C N- NC+
 
Figure 9.3: Structure of [C1C4im][dca] 
DCM (200 mL) was added under N2 to a flask containing [C1C4im]Cl (100.0 g, 0.573 mol) and Na(dca) 
(51.0 g, 0.573 mol). The mixture was stirred for two weeks and the colourless precipitate was 
allowed to settle. Cannula filtration and washing of the NaCl residue with DCM (3 × 50 mL) resulted 
in a yellow, free flowing liquid. This was dried in vacuo for 2 hrs and stirred with activated charcoal 
for 2 days before filtering through a short bed of silica. The product was dissolved in DCM (250 mL) 
and washed with small quantities of water (40 × 3 mL) but at no point were water washings chloride 
free by the silver nitrate test. Despite various attempts to removed residual halide content, including 
continuous extraction, and filtration through a longer silica column, it could not be removed.  
The DCM was removed and product dried in vacuo for 8 hours at 80 °C affording [C1C4im][dca] (57.1  
g, 0.278 mol, 52 %) as a crude, yellow liquid. No further characterisation of this IL was attempted. 










Figure 9.4: Structure of [C1C4im][N(Tf)2]   
In a Schlenk tube, Li[N(Tf)2] (82.26g, 0.287mol) was added to a solution of [C4C1im]Cl (50.00 g, 0.287 
mol) in DCM (150 mL). The resulting suspension was stirred for 48 hours, then cannula filtered under 
nitrogen. The residual salt was washed with dichloromethane (2 x 30 mL) and the combined organic 
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extracts were washed with water until the aqueous phase was halide free by silver nitrate test, after 
which the solvent was removed in vacuo. The resulting liquid was treated with activated charcoal for 
2 days and filtered through a pad of celite and 0.45 micron PTFE filter and dried in vacuo for 24 
hours at 45 °C to yield [C1C4im][N(Tf)2] (103.39 g, 0.247mol, 86%) as a free flowing, colourless liquid. 
δH: (400 MHz, DMSO-d
6) / ppm 9.12 (1H, s, N2CH), 7.77 (1H, s, NCH), 7.70 (1H, s, NCH), 3.96 (2H, t, 
3J 
= 7.2 Hz, NCH2(CH2)2CH3), 3.85 (3H, s, NCH3), 1.76 (2H, quintet, 
3J = 7.4 Hz, NCH2CH2CH2CH3), 1.25 
(2H, sextet, 3J = 7.4 Hz, NCH2C2CH2CH3), and 0.91 (3H, t, 
3J = 7.4 Hz, N(CH2)3CH3). 
δC: (400 MHz, DMSO-d
6) / ppm 136.19 (s, N2CH), 124.00 and 122.65 (s, 2NCH), 118.34 (q, 1J13C-19F = 
321.8Hz, [OSO2CF3]
-), 48.97 (s, NCH2(CH2)2CH3), 36.14 (s, NCH3), 31.80 (s, NCH2CH2CH2CH3), 19.21 (s, 
NCH2C2CH2CH3), and 13.60 (s, N(CH2)3CH3). 
m/z (ESI+): 484 ([[C1C4im]2[N(Tf)2]]
+ 33%), and 139 ([C1C4im]
+, 100%) 
m/z (ESI-): 583 ([[C1C4im][N(Tf)2]2]
-  5%),  280 ([N(Tf)2]
-, 100%) 
Elemental Analysis (predicted): %C = 28.65 (28.64), %H = 3.50 (3.61), %N = 9.93 (10.02) and %S = 
15.11 (15.27) 









Figure 9.5: Structure of [C4C1py][N(Tf)2]   
Kindly donated by Veronica Llopis Mestre, former member of the Welton Group. Synthesis is 
reported elsewhere.207 












Figure 9.6; Structure of [C4C1C1im][N(Tf)2] 
Kindly donated by Veronica Llopis Mestre, former member of the Welton Group. Synthesis is 
reported elsewhere.207 






Figure 9.7: Structure of [C4C1py][OTf]   
Kindly donated by Isabel Rodrigues-Correira, former member of the Welton Group. Synthesis is 
reported elsewhere.207 
9.1.8. Measurement of Kamlet Taft Parameters 
All ILs were dried at 40 °C in vacuo for 48 hours before being analysed. Measurements were made 
using a UV-vis spectrometer, as described in Section 9.5.5 and using the equations from Section 
5.2.2. Wavelength maxima (λmax) were estimated to the nearest 0.5 nm from the raw data. 
9.2.  Esterification Kinetics 
Solvents were freshly distilled and dried using standard procedures. Benzyl alcohol and 
methoxyacetic acid were used as bought. p-TSA was dried in vacuo at 100 °C until it was shown to be 
anhydrous by melting point (38 °C). Sc(OTf)3 was azeotropically distilled three times with dry 
toluene. All ILs were dried at 40 °C in vacuo  for 48 hours before being used. 
9.2.1. Brønsted Acid Catalysed Esterification kinetics procedure 
The procedure was carried out by using a Radley’s Carousel 12 Tube stirrer hot plate, with a reflux 
condenser and under a nitrogen atmosphere. Three reaction tubes were purged for 30 min with N2. 
Under a dry atmosphere, p-TSA (0.076 g, 0.400mmol) was added to a volumetric flask and made up 
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to 10 mL with diethyl ether. An accurate aliquot of this solution (250 μL) was added by volumetric 
syringe to each tube. The tubes were heated at 50 °C and placed under an aspirator vacuum for 2 h 
to remove the diethyl ether. A volumetric flask was purged with N2 for 30 mins and methoxyacetic 
acid (0.360 g, 4 mmol) was added and made up to 2 mL with the solvent under investigation. 
Accurate aliquots of this solution (490, 500, and 510 μL, respectively) were added to each tube by 
volumetric syringe and allowed time to warm to 50 °C. A volumetric flask was purged with N2 for 30 
min and benzyl alcohol (0.430 g, 4 mmol) was added and made up to 2 mL with the solvent under 
investigation. Accurate aliquots of this solution (510, 500, and 490 μL, respectively) were added to 
each tube by volumetric syringe. The point of injection was deemed to be t = 0. Regular samples 
were taken from each tube and analyzed by 1H NMR spectroscopy until the reaction approached 
equilibrium. 1H NMR were prepared as in Section 9.2.3. 
9.2.2. Lewis Acid Catalysed Esterification kinetics procedure 
The procedure was carried out using a Radley’s Carousel 12 Tube stirrer hot plate, with a reflux 
condenser and under a nitrogen atmosphere. Three reaction tubes were purged for 30 mins with N2. 
Under a dry atmosphere, Sc(OTf)3  (0.123 g, 0.25 mmol) was added to a volumetric flask and made 
up to 10 mL with diethyl ether.   An accurate aliquot of this solution (1 mL) was added by volumetric 
syringe to each tube. The tubes were heated at 50 °C and placed under an aspirator vacuum for 2 
hours to remove the diethyl ether. A volumetric flask was purged with N2 for 30 mins and 
methoxyacetic acid (0.360 g, 4 mmol) was added and made up to 2 mL with the solvent under 
investigation. Accurate aliquots of this solution (490, 500 and 510 µL respectively) were added to 
each tube by volumetric syringe and allowed time to warm to 50 °C. A volumetric flask was purged 
with N2 for 30 mins and benzyl alcohol (0.430 g, 4 mmol) was added and made up to 2 mL with the 
solvent under investigation. Accurate aliquots of this solution (510, 500 and 490 µL respectively) 
were added to each tube by volumetric syringe. The point of injection was deemed to be t = 0. 
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Regular samples were taken from each tube and analyzed by 1H NMR spectroscopy until the reaction 




9.2.3.  Attainment of 1H NMR measurements 
Small volumes of reaction mixture (ca 0.05 mL) were dissolved in CDCl3 (0.5 mL). A delay time of 10s 
between each pulse was set to allow sufficient time for all protons to relax fully and for consistent 
and accurate integrals to be recorded. 
9.3. Transesterification kinetics 
Solvents were freshly distilled and dried using standard procedures. Benzyl alcohol was distilled from 
CaO under reduced pressure, methyl methoxyacetate distilled from CaH2 and divinyl acetate was 
distilled and stored in the dark at 0 °C. p-TSA was dried in vacuo at 100 °C until it was shown to be 
anhydrous by melting point (38 °C). DBU was used as bought and Novozym 435 was dried in a 
desiccator over P2O5 for 48 hours. 
9.3.1. Brønsted acid catalysed transesterification procedure 
The procedure was carried out using a Radley’s Carousel 12 Tube stirrer hot plate, with a reflux 
condenser and under a nitrogen atmosphere. Three reaction tubes were purged for 30 mins with N2. 
Under a dry atmosphere, p-TSA (0.076 g, 0.400 mmol) was added to a volumetric flask and made up 
to 10 mL with diethyl ether.   An accurate aliquot of this solution (125 µL) was added by volumetric 
syringe to each tube. The tubes were heated at 50 °C and placed under an aspirator vacuum for 2 
hours to remove the diethyl ether. A volumetric flask was purged with N2 for 30 mins and methyl 
methoxyacetate (0.416 g, 4 mmol) was added and made up to 2 mL with the solvent under 
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investigation. Accurate aliquots of this solution (240, 250 and 260 µL respectively) were added to 
each tube by volumetric syringe and allowed time to warm to 50 °C. A volumetric flask was purged 
with N2 for 30 mins and benzyl alcohol (0.430 g, 4 mmol) was added and made up to 2 mL with the 
solvent under investigation. Accurate aliquots of this solution (260, 250 and 240 µL respectively) 
were added to each tube by volumetric syringe. The point of injection was deemed to be t = 0. 
Regular samples were taken from each tube and analyzed by 1H NMR spectroscopy until the reaction 
approached equilibrium. 
9.3.2. Lipase catalysed transesterification procedure of methyl esters 
The procedure was carried out using a Radley’s Carousel 12 Tube stirrer hot plate, with a reflux 
condenser and under a nitrogen atmosphere. Three reaction tubes were purged for 30 mins with N2 
before being charged with Novozym 435 (0.01 g) dried at 50 °C under aspirator vacuum for 30 mins. 
A volumetric flask was purged with N2 for 30 mins and methyl methoxyacetate (0.416 g, 4 mmol) 
was added and made up to 2 mL with the solvent under investigation. Accurate aliquots of this 
solution (240, 250 and 260 µL respectively) were added to each tube by volumetric syringe and 
allowed time to warm to 50 °C. A volumetric flask was purged with N2 for 30 mins and benzyl alcohol 
(0.430 g, 4 mmol) was added and made up to 2 mL with the solvent under investigation. Accurate 
aliquots of this solution (260, 250 and 240 µL respectively) were added to each tube by volumetric 
syringe. The point of injection was deemed to be t = 0. Regular samples were taken from each tube 
and analyzed by 1H NMR spectroscopy until the reaction approached equilibrium. 
9.3.3. Lipase catalysed transesterification procedure for vinyl esters 
A 10 mL, two-neck round bottomed flask was dried in an oven at 130 °C for one hour before being 
attached to the ATR-IR probe and purged with dry nitrogen for 30 mins. The solvent in question (2 
mL) was added to the flask, covering the probe, by syringe. An accurate mass of solvent was 
obtained by accurately weighing the syringe before and after addition. This was stirred until a stable 
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IR spectrum was obtained and a background was taken. Benzyl alcohol was added (ca 0.2 g, 2.0 
mmol) by syringe; an accurate mass was recorded. Once a stable IR spectrum was obtained and vinyl 
acetate was added (ca 0.2 g, 2.0 mmol) by syringe; an accurate mass was recorded. Once a stable IR 
spectrum was obtained Novozym 435 was added (0.1 g). The point of addition was taken to be t = 0 
and regular spectra were taken until the reaction was complete. Concentrations were calculated 
from literature densities of each solvent, and assuming no volume change upon mixing. 
 
9.3.4. Base catalysed transesterification procedure 
A 10 mL, two-neck round bottomed flask was dried in an oven at 130 °C for one hour before being 
attached to the ATR-IR probe and purged with dry nitrogen for 30 mins. The solvent in question (2 
mL) was added to the flask, covering the probe, by syringe. An accurate mass of solvent was 
obtained by accurately weighing the syringe before and after addition. This was stirred until a stable 
IR spectrum was obtained and a background was taken. Benzyl alcohol was added (ca 0.2 g, 2.0 
mmol) by syringe; an accurate mass was recorded. Once a stable IR spectrum was obtained and vinyl 
acetate was added (ca 0.2 g, 2.0 mmol) by syringe; an accurate mass was recorded. Once a stable IR 
spectrum was obtained DBU was added (0.015 g, 0.1 mmol)* by syringe, an accurate mass was 
recorded. The point of addition was taken to be t = 0 and regular spectra were taken until the 
reaction was complete. Concentrations were calculated from literature densities of each solvent, 
and assuming no volume change upon mixing. 
*For reactions using ILs, the DBU (0.015g, 0.1mmol) was first dissolved in 1 ml of IL and 0.05 mL of 
this added to the reaction mixture at t = 0. 
9.3.5. Attainment of 1H NMR measurements 
As reported in Section 9.2.3. 
9.4. Selectivity and Polymerisation Studies 
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Solvents were freshly distilled and dried using standard procedures. All ILs were dried at 40 °C in 
vacuo for 48 hours before being used. Unless otherwise stated, reagents were used as bought.  
9.4.1. Solubility tests 
The procedure was carried out using a Radley’s Carousel 12 Tube stirrer hot plate, with a reflux 
condenser and under a nitrogen atmosphere.  An accurate amount of the monomer in question (0.2 
g) was added to a reaction tube and purged with nitrogen for 30 mins. To this, the IL being studied (1 
mL) was added by volumetric syringe and left, with stirring, at the desired temperature for 2 hrs. 
After observation the mixture was cooled slowly, with stirring, and observed until at room 
temperature. 
9.4.2. Lactic acid polymerisation 
Standard procedure: An accurate mass of p-TSA·H2O (0.019 g, 0.1 mmol) was dissolved in diethyl 
ether (20 mL) in a volumetric flask. 1.0 mL of this solution was added to an ampule and the ether 
was slowly removed in vacuo. [C1C4im][N(Tf)2]  was added to the ampoule and was stirred until all p-
TSA has dissolved.   85% w/v lactic acid solution (0.05 mL, 0.5 mmol) was added to the mixture and 
heated at 50°C under vacuum. Samples were taken at regular intervals and analysed by 1H NMR. 
Reactions were terminated by cooling to room temperature after reaching equilibrium or after a 
week of reaction, whichever was sooner. The reaction mixture was extracted with toluene (4 × 2 
mL), allowing 30 min in between each extraction to allow the IL to settle out. Removal of toluene in 
vacuo yielded a pale yellow oil. 
Variations from the standard procedure involve increasing the concentration of lactic acid, and 
volume of p-TSA solution by an equivalent amount, allowing an initial reaction period of 48 hrs 
without vacuum and increasing the temperature to 100 °C. Melt reactions were carried out using the 
same method but without addition of IL. 
159 
 
9.4.3. Vinyl ester polymerisations catalysed by Novozym 435 
A 10 mL, two-neck round bottomed flask was dried in an oven at 130 °C for one hour before being 
attached to the ATR-IR probe and purged with dry nitrogen for 30 mins. The solvent in question (2 
mL) was added to the flask, covering the probe, by syringe. An accurate mass of solvent was 
obtained by accurately weighing the syringe before and after addition. This was stirred at 30 °C until 
a stable IR spectrum was obtained and a background was taken. 1,4-butanediol was added (0.01 g, 
1.0 mmol) by syringe; an accurate mass was recorded. Once a stable IR spectrum was obtained and 
divinyl adipate* was added (ca 0.02 g, 1.0 mmol) by syringe; an accurate mass was recorded. Once a 
stable IR spectrum was obtained Novozym 435 was added (0.01 g). The point of addition was taken 
to be t = 0 and regular spectra were taken until the reaction was complete. Concentrations were 
calculated from literature densities of each solvent, and assuming no volume change upon mixing. 
*Reactions to explore the difference between monotransesterification and polytransesterfication 
used the same procedure but two equivalents of vinyl acetate (0.02 g, 0.2 mmol) in place of divinyl 
adipate.  
9.4.4. Vinyl ester polymerisations catalysed by DBU 
A 10 mL, two-neck round bottomed flask was dried in an oven at 130 °C for one hour before being 
attached to the ATR-IR probe and purged with dry nitrogen for 30 mins. The solvent in question (2 
mL) was added to the flask, covering the probe, by syringe. An accurate mass of solvent was 
obtained by accurately weighing the syringe before and after addition. This was stirred at 30 °C until 
a stable IR spectrum was obtained and a background was taken. 1,4-butanediol was added (0.01 g, 
1.0 mmol) by syringe; an accurate mass was recorded. Once a stable IR spectrum was obtained and 
divinyl adipate* was added (ca 0.02 g, 1.0 mmol) by syringe; an accurate mass was recorded. Once a 
stable IR spectrum was obtained DBU was added (0.015 g, 0.1 mmol) by syringe, an accurate mass 
was recorded. The point of addition was taken to be t = 0 and regular spectra were taken until the 
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reaction was complete. Concentrations were calculated from literature densities of each solvent, 
and assuming no volume change upon mixing. 
*Reactions to explore the difference between monotransesterification and polytransesterfication 





9.5. Analytical Techniques 
9.5.1. Nuclear magnetic resonance spectroscopy 
1H NMR and 13C NMR spectra were recorded on a 400 MHz spectrometer. Chemical shifts are 
reported in and all other spectra were recorded in d1-CHCl3. 
9.5.2. Mass Spectrometry 
Mass spectrometry was performed by Mr J. Barton at the Department of Chemistry at Imperial 
College London. FAB mass spectra were recorded on a Micromass AutoSpec Premier spectrometer. 
ESI mass spectra were recorded on a Micromass LCT Premier spectrometer. MALDI mass spectra 
were recorded on a Micromass MALDI Micro MX spectrometer. 
9.5.3. Elemental Analysis 
All elemental analyses were carried out by Mr S. Boyer, London Metropolitan University. 
9.5.4. Gel Permeation Chromatography 
Small amounts of the product (ca. 30 – 40 mg) were dissolved in 4 ml THF before being filtered 
through a 0.45 μm PTFE filter. GPC measurements were carried out on a Polymer Labs GPC 50 
system with two mixed D columns and detected with refractive index. THF was used as the eluent at 
a flow rate of 1 mlmin-1, at 35°C and an injection volume of 1000μL. The run time was 25 min. 
Results were calibrated against a set of 12 narrow polystyrene standards. 
9.5.5. UV-vis Spectroscopy 
All UV-vis measurements were made using a Perkin-Elmer Lamda 2 UV-vis spectrophotometer, 
calibrated to ± 0.2 nm using a holmium oxide standard. All spectra were obtained at 25 °C with an 
accuracy of ≥ 0.5 nm and using 1cm zirconium cells. Dry solvents were used unless otherwise stated. 
All samples were made up to ca 0.1 mmolL-1. 
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9.5.6. ReactIR Spectroscopy 
Reactions were monitored out using a Mettler-Toledo ReactIR 4000 instrument with MCT Detector; 
DiComp (Diamond) probe connected via AgX (Silver Halide) 6mm x 2m Fibre between 2000 to 650 
cm-1 at 8 cm-1 resolution. Spectra were initially obtained every 15 seconds, as an average of 15 scans, 




10.  Overall Conclusions and Further work 
10.1.1. Conclusions 
The overall conclusions of this thesis can be considered in three categories. The first of these 
concerns the fundamental effect of solvents on reactions. In this, it can be concluded that acid 
catalysed esterifications and transesterifications, and by extension acid catalysed reactions, will 
proceed faster in solvents, including ILs, with a low hydrogen bond basicity. There is some evidence 
to suggest that this is because of a solvent levelling effect on the acidity of the catalyst. This 
observation appears to hold for Lewis as well as Brønsted acid catalysts, although modelling reaction 
rates on the basis of Kamlet Taft parameters of the solvent is more accurately achieved with the 
latter. 
Further, base catalysed transesterifications are significantly enhanced in rate when using ILs as 
compared to common molecular solvents. Indeed, the basicity of an organic base appears to be 
higher than might be expected in ILs. It is speculated that this may be caused by IL's high dipolarity 
and hitherto unmatched ability to separate ion pairs. 
The second set of conclusions relates to polycondensations in ILs, and is less clear cut than the first. 
It appears that acid catalysed polyesterifications do not proceed as might be expected in ILs and are 
not generally able to reach high conversion or high molecular weight without application of very 
high temperatures. It is speculated that the mobility of macromolecular species in ILs is sufficiently 
poor to prevent intermolecular reactions propagating a classic step growth polymerisation. Whilst 
this issue does seem to be overcome by the use of base catalysis, the selectivity of said base is too 
poor to yield anything but a near instant gel upon use of a polyol. 
The third conclusion can be considered the sum of the previous two. Namely that, despite some 
empirical understanding of the effect of different solvents on relevant reactions, less well 
understood but potentially fundamental issues with polycondensations in ILs make the original aim 
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of this project unlikely to be realised. That is to say that using ILs as solvent for polyesterication will 
not, in all likelihood, yield a facile, low temperature, route to highly functional polyesters. 
10.1.2. Future work 
Whilst this project has, ultimately, failed in its aim to provide an efficient synthesis of a novel, highly 
functional polyester, useful knowledge has been generated which could inform a much wider area of 
investigation.  
Firstly, the information about catalysis of simple reactions in ILs, most notably acid catalysed 
esterification could be furthered with more information about the form of the catalytic species in 
ionic solution. Furthermore, a similar approach could usefully be taken to explore other fundamental 
reactions in ILs.  
Within this, the apparent enhancement of basicity of DBU in ILs should be explored further. If indeed 
it is the case that ILs can enhance the basicity of classically considered non-nucleophilic, organic 
bases, then this could open up new opportunities across a range of base catalysed reactions.  
Initial scoping reactions suggested that relatively modest heating with microwaves could promote 
rapid acid catalysed esterification in ILs. This would be expected given that the high dipolarity of ILs 
mean they are very efficiently heated by microwave irradiation. This line of enquiry was not 
explored further for two reasons. Firstly, as just an efficient form of heating, it was not expected that 
selectivity would be maintained at the high local temperatures likely to exist. Secondly, the 
microwave reactor available for use required sealed reaction vessels, negating the application of 
vacuum to drive off the condensate and, thus, reach high conversions. Should selectivity not be an 
issue and more appropriate equipment be available, the application of microwaves to esterification 
and transesterification in ILs is considered to have potential. 
The DBU catalysed reaction between glycerol and divinyl adipate in [C4C1py][OTf] immediately 
yielded a gel. Whilst this was useless for the synthesis of functional polyesters, the formation of gels 
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is an interesting area in its own right. This system provided a facile route to a novel gel which could 
be explored. 
Finally, inspired by Dove’s work on thiourea catalysts for lactide polymerisation, the novel 
guanidinium based IL shown in Scheme 10.1 was synthesised and shown to be stable. In the absence 
of a base co-catalyst, this was not active as a catalyst for lactide polymerisation in its own right. The 
addition of a more basic anion, or independent base, might be required. However, it is very possible 
that, in these circumstances, the cation may no longer be stable. Nevertheless, this highly hydrogen 
bond acidic motif is an interesting moiety to incorporate into an IL. Existing studies of ILs have either 
included Lewis acidic metal centres or Brønsted acidic groups attached to the cation. Equally, work 
in the Welton group exploring the effect of hydrogen bond acidity on reactions has never included 
anything as acidic as the species shown below. This author humbly suggests it might make an 
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